Bacteriochlorins and Bacteriochlorin Analogs from meso-Tetraarylporphyrins by Samankumara, Lalith P
University of Connecticut
OpenCommons@UConn
Doctoral Dissertations University of Connecticut Graduate School
8-22-2013
Bacteriochlorins and Bacteriochlorin Analogs from
meso-Tetraarylporphyrins
Lalith P. Samankumara
University of Connecticut, lalithpalitha@yahoo.com
Follow this and additional works at: https://opencommons.uconn.edu/dissertations
Recommended Citation
Samankumara, Lalith P., "Bacteriochlorins and Bacteriochlorin Analogs from meso-Tetraarylporphyrins" (2013). Doctoral
Dissertations. 216.
https://opencommons.uconn.edu/dissertations/216
Bacteriochlorins and Bacteriochlorin Analogs from meso-
Tetraarylporphyrins 
Lalith P. Samankumara, Ph.D. 
University of Connecticut, 2013 
This dissertation focuses on the development of new synthetic methodologies for 
the preparation of meso-tetraarylbacteriochlorin analogs in which one or two 
opposite pyrrollic moieties were formally replaced by non-pyrrolic groups, such as 
morpholine, indanone, oxazolone. In particular, starting form the osmylation of 
porpyrins, to generate bacteriochlorin tetraols (A), the first syntheses of ring-
expanded (B, C) and ring-cleaved (D) bacteriochlorin derivatives are discussed. 
Solid-state structures of most of these compounds were determined, and the 
underlined structure photophysical property relationships were studied. 
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This dissertation introduces a number of novel bacteriochlorin chromophores with 
singnificantly red-shifted UV-visible spectra compared to their starting porphyrinoids. 
Thus, their facile availability, relative chemical stability and optical properties suggest 
their uses in artificial light-harvesting and biomedical applications. 
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1. Introduction 
1.1. General Structure of Bacteriochlorins 
Porphyrins are fully unsaturated tetrapyrrolic macrocycles linked by methylene 
carbons. The chemical and physical properties of porphyrins are mainly determined 
by the presence of a closed conjugated aromatic 18 π system that is cross-
conjugated to two β,βʼ-double bonds. These cross-conjugated bonds can be 
successively reduced–and thereby removed from macrocycle conjugation, resulting 
in the formation of a chlorin (one bond reduced), a bacteriochlorin (both bonds on 
opposite pyrroles reduced), or its isomer, an isobacteriochlorin (both bonds reduced 
on adjacent pyrroles) (Figure 1-1). 
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Figure 1-1. Macrocyle structure, position numbering, and naming system used in 
porphyrins, chlorins, bacteriochlorins, and isobacteriochlorins. The macrocycle-
aromatic 18 π system inherent to all is shown in bold. Numbering according to 
IUPAC-IUB.1,2  
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The ʻreductionʼ of the bond can also be an oxidation or addition reaction, as long 
as at least one of the β-carbons is converted into an sp3-carbon in the process. All 
reduced macrocycles still maintain a central 18 π system. The reductions result in a 
number of changes in their chemical and physical properties. Most profoundly, the 
UV-vis spectra of the chromophores change in a diagnostic fashion (cf. Section 1.2, 
Figure 1-3). Moreover, increasing reduction leads to increasing conformational 
flexibility of the macrocycle. This also affects the optical spectra as, in general, the 
spectra of porphyrinoids are broadened upon increase of conformational flexibility 
and red-shifted with increasing deviation from planarity.3,4 Also, increasing reduction 
decreases significantly the basicity of the inner imine-type nitrogens. Bacteriochlorins 
are less basic than chlorins that, in turn, are less basic than porphyrins.5 
Shown in Figure 1-2 is the solid-state structure of the parent meso-tetraphenyl-
porphyrin 1.6 As a consequence of the large close-conjugated π-systems and the 
absence of strain within the porphyrin macrocycle, porphyrins tend to be nearly 
perfectly planner, and of high thermal stability, with the meso aryl group being nearly 
perpendicular to the plane of the porphyrin macrocycle.  
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Figure 1-2. Solid-state structure of meso-tetraphenylporphyrins 1, top (left) and side 
(right) views; sp2 hydrogens and meso-phenyl groups (right) and are omitted for 
clarity.6  
1.2. Optical Properties of Bacteriochlorins 
The optical properties of bacteriochlorins and isobacteriochlorins are best 
illustrated in comparison to those of their parent compounds, porphyrins and chlorins 
(Figure 1-3). The spectra of regular (etio spectral type) porphyrins are well defined: A 
Soret band is followed by four Q bands in descending order of intensity. Owing to an 
increase of the chromophore symmetry (from two-fold symmetry to four-fold 
symmetry), metalation cuts the number of Q bands in half, and the longest wave-
lengths absorption band (λmax) is now hypsochromically shifted compared to the free 
base. A free base chlorin also exhibits the Soret band and four side bands, but the 
λmax band is now the most intense Q-band. The bands are also broadened, reflecting 
the larger conformational flexibility of this chromophore. Depending on the particular 
chlorin, λmax may or may not be bathochromically shifted compared to the parent 
N
NH N
HN
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porphyrin. Insertion of a metal has the same principal effects on a chlorin as it has 
on a porphyrin (but the λmax band remains the most intense band). Metalation also 
rigidifies the chromophore, as seen in the sharpened optical spectrum. The Soret 
band of an isobacteriochlorin is hypsochromically shifted compared to that of a 
chlorin, the spectrum is chlorin-like broadened, but with a changed Q-band intensity 
distribution, and a hypsochromically shifted λmax. The metalloisobacteriochlorin 
spectrum is a slightly hypsochromically shifted metallochlorin-like spectrum. The 
spectrum of free base bacteriochlorin stands out for its diagnostic three-band shape, 
a hypsochromically shifted Soret band, and significantly bathochromically shifted 
λmax that possess an intensity of a similar magnitude as the Soret band (even 
though, in absolute terms, the extinction coefficient of the Soret band of a bacterio-
chlorin can be an order of magnitude lower than that of a porphyrin or chlorin). As 
the examples in the remainder of this chapter will illustrate, the λmax of bacterio-
chlorins will span a considerable wavelength range, spanning from little over 700 nm 
to well over 850 nm. Also characteristic for bacteriochlorins, metallation induces a 
slight bathochromic shift of λmax, and it increases the oscillator strength of this band 
compared to that of the Soret band.  
Throughout this dissertation, the λmax values for many bacteriochlorins will be 
listed as a general guide for their electronic structure. Since the vast majority of 
optical data are recorded in the relatively similar aprotic, polar solvents methylene 
chloride or chloroform, these solvents are not described. When other solvents were 
used, they are listed. 
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Figure 1-3. Comparison of the UV-vis spectra of the four principle porphyrin and 
hydroporphyrin classes, in their free base form (solid trace) and metalated form (M = 
Zn; broken trace), as illustrated by their hydroxylated meso-tetraphenyl derivatives 
(for a discussion of their syntheses, see Section IV.B.3.).7 
The trends observed in the optical spectra of the porphyrins and hydroporphyrins 
find their qualitative explanation in the relative position of the frontier orbitals of the 
chromophores.8 The longest wavelengths band (λmax) in the UV-vis of a porphyrin 
corresponds to a HOMO→LUMO transition (Figure 1-4).  
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Figure 1-4. Idealized relative position of the chromophore frontier orbitals. For sake 
of simplification, the Zn-complexes of higher symmetry, as compared to the free 
bases, are shown. Figure adapted from Fajer.9 
Upon reduction of a porphyrin to a chlorin, the a1u is elevated and the relative 
order of the HOMO (a1u) and the HOMO-1 (a2u) become inverted relative to their 
relative order in porphyrins. The HOMO-LUMO gap is also narrowed, resulting in a 
minor bathochromic shift of λmax for chlorins. The increased intensity of the chlorin 
λmax band is because the HOMO-LUMO transition has become symmetry-allowed. In 
the isobacteriochlorin case, both the HOMO and LUMO are lifted by about the same 
amount, thus the λmax of isobacteriochlorins are very similar to those of chlorins. On 
the other hand, the HOMO is lifted and the LUMO is slightly lowered in bacterio-
chlorins relative to porphyrins and chlorins. Thus, the HOMO-LUMO gap in bacterio-
chlorins is the smallest, translating into the longest wavelengths λmax among all four 
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chromophores. The degeneracy of LUMO and LUMO+1 remains to be lifted, the 
HOMO-LUMO transition remains being symmetry-allowed and is thus 
correspondingly intense. 
The relative order of the frontier orbitals is also supported by electrochemical 
experiments.10 The loss of two double bonds, relative to porphyrins, destabilizes the 
π system of the bacteriochlorin, as indicated by the rise in the HOMO energy. Thus, 
a zinc bacteriochlorin is easier to oxidize than the corresponding zinc porphyrin (by 
0.6 V when comparing [tetraphenylporphyrinato]Zn(II) and [tetraphenylbacterio-
chlorinato]Zn(II)). The LUMO of the bacteriochlorin, however, is not appreciably 
shifted compared to that of the porphyrin and both orbitals are nearly isoenergetic. 
Consequently, the experimental reduction potentials of [tetraphenylbacterio-
chlorinato]Zn(II) and [tetraphenylporphyrinato]Zn(II) differ only little (< 0.1 V). 
Spectroelectrochemical measurements confirmed these interpretations and revealed 
the expected π radical cation and π radical anion marker bands of oxidized and 
reduced bacteriochlorin derivatives, respectively, and their ESR spectra could be 
measured.11  
The strong absorption near 800 nm makes bacteriochlorins most attractive for 
tumor imaging and photodynamic therapy (PDT) as the depth of penetration of 
800 nm light through tissue is about twice as deep as light of 650 nm (Figure 1-5).12 
Also, bacteriochlorins were successfully tested in the photodynamic therapy of 
melanomas that are generally resistant to PDT.13 While the melanin content still 
affected PDT effectiveness, this disadvantage is significantly lower for bacterio-
chlorins than for porphyrin-based photosensitizers. This efficacy was attributed to the 
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near-IR absorbance of the bacteriochlorin photosensitizer that allowed the use of 
activation wavelength that are much less absorbed by melanin as compared to any 
shorter wavelength light. 
 
Figure 1-5. Depth of penetration of light through the tissues as a function of 
wavelength14 
1.3. Naturally Occurring Bacteriochlorins  
The Mg2+ complexes of bacteriochlorins (2,3,12,13-tetrahydroporphyrins), such 
as bacteriochlorophyll a (see below), are used by phototrophic purple bacteria, helio-
bacteria, and green sulfur bacteria, as light-harvesting chromophores in anoxygenic 
photosynthesis.15,16 Bacteriochlorins absorb light at wavelengths that are not 
absorbed by the chlorophylls (Mg2+ complexes of chlorins, 2,3-dihydroporphyrins), 
the chromophores of the green plants and cyanobacteria. Bacteriochlorins strongly 
absorb light in the near-IR, allowing photosynthesis to take place deep in the water 
column or to be driven by geothermally illuminated environments around deep sea 
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hot vents.17 The near-IR absorbing, emitting, and singlet oxygen sensitizing 
properties make bacteriochlorins intriguing targets for synthetic chromophores to be 
used as phototags, in photo-medicine or as artificial light harvesting pigments.13,18-20 
However, the trivial nomenclature of the pigments is most ambiguous. All 
pigments in these organisms are known as bacteriochlorins but only three of them, 
bacteriochlorophyll a (BChl a), b (BChl b), and g (BChl g) are true bacteriochlorins 
(here, 7,8,17,18-tetrahydrophytoporphyrins).15 BChl a is the most common bacterio-
chlorin and is found in the reaction center and the core antennas of most anoxygenic 
bacteria. BChl a and, in some cases, BChl b, are found in the peripheral antennas of 
purple bacteria. The presence of bacteriochlorins lends them their characteristic 
purple color. BChl g is a light-harvesting and electron-transfer pigment in strictly 
anaerobic heliobacteria.21 Both Bchl b and BChl g readily tautomerize in the 
presence of light in vitro to the corresponding chlorin.22 The free base compounds of 
these bacteriochlorins are referred to as bacteriopheophytins when carrying the 
phytyl ester moiety, or bacteriopheophorbides, when the phytyl side chain is 
cleaved.2 
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A few other naturally occurring bacteriochlorins have been discovered. 
Tolyporphin A (2) was firstly isolated by Moore and co-workers in 1992 from the 
extract of a cyanobacterium, Tolypothrix nodosa.23 Tolyporphin A (2) 
(λmax EtOH = 676 nm) is one of eleven (tolyporphins B through K) tolyporphins.18 Their 
native biological roles are unknown. All tolyporphins incorporate the identical dioxo-
bacteriochlorin framework but vary in the oxygen substituents of the carbohydrate 
moiety, and in some derivatives one sugar moiety is altogether replaced by an 
acetate or hydroxy group.24,25 Tolyporphin A (2) aroused interest when it showed the 
ability to reverse multidrug resistance in a vinblastine-resistant population of human 
ovarian adenocarcinoma cells.26,27 An unspecified tolyporphin was also shown to 
have high PDT activity in both in vivo and in vitro studies.28 
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Heme d1 (3Fe) is a dioxoisobacteriochlorin iron complex. It is only found as the 
prosthetic group in cytochrome cd1, a periplasmic enzyme that catalyzes the 
reduction of nitrite to nitrious oxide (N2O) in chemoautotrophic bacteria.29,30 This 
reaction and the intriguing structure of heme d1 have made it the subject of 
numerous model studies.31-37 
Siroheme (4Fe) is found as the prosthetic groups in ferredoxin-nitrite reductase, 
an enzyme that catalyzes the reduction of nitrite to ammonia, and in several sulfate 
reductases that catalyze the reduction of sulfite to sulfide. In both reactions, a six-
electron reduction takes place.38 A number of siroheme model studies have been 
reported.36,37,39-41 The methyl ester derivative of the free base siroheme analogs 5 
and 6 are precursors in the biosynthesis of vitamin B12.42  
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1.4. Principal Pathways of Bacteriochlorin Syntheses 
There are four principal pathways to access bacteriochlorins: firstly, they can be 
extracted from natural sources.43 Secondly, they can be made by total synthesis. A 
total synthesis we consider only a synthesis that involves a porphyrinoid ring-closing 
step that directly results in the formation of a bacteriochlorin. Thirdly, pre-formed 
porphyrins and chlorins can be converted to bacteriochlorins. We consider any 
reaction to this category that involves porphyrins and chlorins, irrespective of 
whether they were derived from natural sources or from synthesis. A fourth, semi-
synthetic approach toward bacteriochlorins is the modification of bacteriochlorins 
extracted from biological materials. 
1.4.1.  Total Syntheses of Bacteriochlorins  
Total syntheses of bacteriochlorins and isobacteriochlorins were developed and 
strongly marked by a small number of research groups. For instance, Ibers and co-
workers reported the first one-step synthesis of the metalloisobacteriochlorin, [meso-
tetramethylisobacteriochlorinato]Ni(II),39 and the groups of Eschenmoser and 
Battersby reported the step-wise total syntheses of hydroporphyrinoids such 
as1-cyanooctamethylisobacteriochlorin.44 The first total synthesis of tolyporphin A (a 
naturally occurring bacteriochlorin) was accomplished by Kishi and co-workers,45-47 
meanwhile, the group of Lindsey reported a step-wise sysntheses of a class of gem-
dimethyl bacteriochlroins. The latter two methods are discussed below.  
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a. Kishiʼs Tolyporphin A Synthesis 
From a structural point of view, tolyporphin A (2) is intriguing. It is a bacterio-
chlorin isolated from algae but no light-harvesting functions were identified for it. In 
fact, its C-glycoside-substituted dioxobacteriochlorin structure is dramatically 
different from that of the known bacteriochlorin-based light harvesting pigments. The 
α-positions of the oxo-functionalities are substituted with gem-dialkyl groups, 
presumably causing a significant stabilization of the bacteriochlorin toward oxidation.  
Tolyporphins were firstly synthesized by the group of Kishi in 1999 (Scheme 
1-1).45-47 This approach to constructing the macrocycle utilized the Eschenmoser 
sulfide-contraction/iminoester-cyclization method. Recognizing that rings B and D 
are identical in tolyporphin A, the synthesis began with the construction of the three 
pyrrolidinones 7-9 that were combined using the Eschenmoser reaction to provide 
the precursors 10 and 11. A subsequent Eschenmoser coupling followed by 
coordination to Ni(II) provided the acyclic tetrapyrrine unit 12NiCl. Although both the 
Cd(II) and the Ni(II) derivatives of 12 were reported, Ni(II) became the metal of 
choice as the excessive light sensitivity of the Cd(II) complex complicated its further 
manipulation. One pot cyanide elimination and metal exchange [Zn(II) for Ni(II)] 
afforded 13ZnCl that underwent Lewis acid-induced ring closure to form macrocycle 
14ZnCl. A one-pot deprotection-oxidation-demetalation reaction sequence afforded 
the benzyl derivative of tolyporphin A (2-benzyl).  
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Scheme 1-1. Total synthesis of Tolyporphyn A 
This synthesis demonstrates the synthetic sophistication available with respect to 
the synthesis of natural product tetrapyrrolic macrocycles, with some of the methods 
utilized originating from the time of the classic chlorophyll and vitamin B12 syntheses 
by Woodward, Eschenmoser, and others.48-50 It also highlights the complexity of 
synthesizing even relatively symmetric porphyrinic natural products. In turn, the 
complexity of the synthesis suggests that such total synthesis approaches, without 
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major modifications, are likely to be unsuitable for any scale-up to multi-gram or even 
multi-kilogram quantities. 
b. Lindseyʼs Bacteriochlorin Syntheses and Manipulations 
The most significant progress in the total synthesis of bacteriochlorins since the 
work by Woodward, Eschenmoser, or Battersby was presented in a series of 
publications dating from 2005 by Lindsey and co-workers.19,51-61 The bacteriochlorin 
syntheses are a variation of the highly efficient chlorin syntheses, the group of 
Lindsey had developed previously.62,63 The syntheses are based on the retro-
synthetic analysis that a chlorin can be made in a [2+2] approach by fusion of a 
dipyrromethane with a gem-dimethyldihydrodipyrrin (Scheme 1-2).62,63  
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dipyrromethane gem-dimethyl-dihydrodipyrrin  
Scheme 1-2. Retrosynthetic analysis for the synthesis of gem-dimethylchlorins and 
bacteriochlorins. 
Utilizing complementary functionalities, a dipyrromethane and a gem-dimethyl-
dihydrodipyrrin can be ring-closed in a regioselective fashion to form, after an 
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oxidation step, a chlorin.64-67 There are two principally different but complementary 
methodological philosophies that can be distinguished in Lindseyʼs approached 
toward bacteriochlorins. In one approach, the β-substituents in the final bacterio-
chlorin are established early in the synthetic sequence, namely at the level of the 
pyrrole synthesis. In another, scarcely substituted bacteriochlorins are synthesized 
that are halogenated in down-stream steps, or halogenated pyrroles are used to 
furnish halogenated bacteriochlorins. Subsequent cross-coupling reactions insert the 
bacteriochlorin substituents that are present in the final products. These two 
complementary approaches lend unprecedented synthetic versatility to the total 
synthesis of bacteriochlorins. The ring-cyclization reactions will be summarized first, 
and then the macrocycle modification reactions.  
The bacteriochlorin macrocycle is formed by acid-catalyzed head-to-tail self-
condensation of two dihydrodipyrrin dimethyl acetals 16 (Scheme 1-3). In general, 
the reaction conditions resembled those of previous chlorin ring-formation 
chemistry;62,63 the dihydrodipyrrin-acetals were stirred in moderately polar solvents at 
room temperature in the presence of an acid catalyst. Since the building blocks 
provide all framework atoms in their proper oxidation states, no oxidation step is 
required. A number of Lewis as well as Brønsted acids were tested as catalysts for 
this reaction.52,61 
The reaction produced three major products: The desired 5-methoxy bacterio-
chlorin 17, bacteriochlorin 18, and tetradehydrocorrin 19. The yields and product 
distributions vary widely and appeared to be dependent on the combination of 
particular β-substituents and catalyst that were used.52,61 When Lewis acids such as 
 
1. Introduction 
 17 
ytterbium triflate [Yb(OTf)3] and indium chloride (InCl3) were used, the formation of 
metallobacteriochlorins was also observed.51,52 Certain Lewis acids favored the 
formation of one product while suppressing the other.52 For example, in the case of 
the condensation of 16c, the use of hafnium(IV) triflate [Hf(OTf)4·xH2O] as Lewis acid 
largely favored the formation of the bacteriochlorin 18c, while trimethylsilyl triflate 
(TMSOTf) in combination with 2,6-di-tert-butylpyridine (2,6-DTBP) provided 
exclusively 5-methoxybacteriochlorin 17c.52  
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Scheme 1-3. Syntheses of β-alkyl substituted gem-dimethyl porphyrinoids from their 
corresponding dipyrromethanes 
The bacteriochlorins synthesized exhibited regular bacteriochlorin spectra with a 
λmax ranging from 707 and 759 nm, depending on the substituent pattern.52,61 The 
cyclization reaction is subject to a considerable amount of steric effects. For 
example, an approximately 1:1 mixture of dihydrodipyrrins 16d and 16e self-
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condensed to yield swallowtail bacteriochlorins 18d and 18e, respectively, whereby 
18e was the major product (13%) and 18d the minor product (1.6%) (Scheme 1-4). 
Only traces of the 5-MeO-substituted bacteriochlorins were observed.54  
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Scheme 1-4. Synthesis of gem-dimethyl swallowtail bacteriochlorins 
The swallowtail imparts high solubility upon the bacteriochlorin in a wide variety 
of solvents, including several that are miscible with water.54 Their efficacy as PDT 
photosensitizers was tested, among them for the treatment of melanoma.13,20  
1.4.2. Conversion of Porphyrins and Chlorins to Bacteriochlorins  
Methods developed for the conversion of porphyrins or chlorins to bacterio-
chlorins will be discussed based on the type of reaction employed. 
c. Reductions of Porphyrins 
Conceptually, the most straightforward method for converting porphyrins to 
chlorins, bacteriochlorins or isobacteriochlorins is by reduction. However, classic 
reduction conditions, such as H2/Pt or Pd-C, are unsuitable as they tend to reduce 
double bonds at the meso-positions. For instance, isobacteriochlorins are reduced to 
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meso-reduced-hexahydroporphyrins.44 The photochemical reduction of hemato-
porphyrin in the presence of ascorbic acid was also reported to generate 
chromophores with chlorin and bacteriochlorin-type spectra.68 This indicates the 
possibility that hematoporphyrin acts as a photosensitizer in reactions of hydrogen 
transfer, since this porphyrin also sensitized the reduction of riboflavine to the leuco 
derivative.69 However, these reactions are reversible in the dark. The scopes and 
mechanism of the photoreduction of tetraphenylporphyrins by amines has been 
studied in detail.70 A similar photoreduction of tin(II) porphyrins using tin(II) chloride 
as reductant resulted in the formation of metalloisobacteriochlorins.71 Sodium in 
isoamyl alcohol or Raney nickel are more generally applicable to the reduction of 
octaalkylporphyrins or -chlorins, respectively, as the examples delineated below will 
illustrate.72 
Diimide (HN=NH) is an excellent and most general reductant for the syn-
reduction of porphyrin β,βʼ-double bonds, and the reaction stops at the bacterio-
chlorin/isobacteriochlorin reduction stage.5,73-77 Diimide is generated in situ from 
p-toluenesulfonylhydrazide in the presence of a base (potassium carbonate). 
Reported first by Whitlock et al. in 1969, free-base meso-tetraphenylporphyrin 1a, 
when reacted with diimide, yielded a mixture of chlorin 19a and bacteriochlorin 20a 
(Scheme 1-5).5 Reduction of the free base chlorin provided regioselectively the 
corresponding bacteriochlorin (in 50% yield) (λmax–benzene = 742 nm).5 The regio-
selectivity of the reduction changes upon reaction of the zinc complex 1aZn. Thus, 
reduction of the [chlorinato]Zn(II) complex 19aZn formed selectively isobacterio-
chlorin 21aZn (in 57% yield). Acid-induced removal of the central metal generated 
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free base isobacteriochlorin 21a (λmax–benzene = 594 nm).5 This switch in regio-
selectivity of the reaction of free base chlorins versus metallochlorins is frequently 
observed. 
Separation of the products utilized the differences in their basicity. The basicity 
decreases in the order: porphyrin > chlorin > isobacteriochlorin > bacteriochlorin. 
Thus, a mixture of chlorin and porphyrin in benzene can be separated by repeated 
extraction of the most basic macrocycle, the porphyrin, with a 68% (w/w) aqueous 
solution of phosphoric acid. The chlorin require an 82% (w/w) aqueous solution for 
its extraction.5 This leaves the bacteriochlorin in the organic phase. Phosphoric acid 
was found to minimize any oxidations of the chlorins/bacteriochlorins when 
compared to other mineral acids.5 The solid-state structures of the Zn complexes 
20aZn and 21aZn were obtained as their pyridine adducts, 20aZn·py and 
21aZn·py.78,79 
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Scheme 1-5. Diimide reduction of meso-tetraphenylporphyrin 
The Whitlock diimide reduction is the basis for the synthesis of meso-tetra(3-
hydroxyphenyl)bacteriochlorin 20c (λmax–MeOH = 735 nm), a PDT agent introduced by 
Bonnett et al. The reaction of the corresponding tetraarylporphyrin with diimide over 
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extended periods of time afforded bacteriochlorin 20c (along with the chlorin by-
products).75,80,81 A detailed comparative study of the photophysical properties of the 
meso-tetra(3-hydroxyphenyl)-porphyrin, -chlorin, and bacteriochlorin was also 
reported by Bonnett et al.82 
The diimide reduction of porphyrins can also be performed under solvent-free 
conditions.74,83 Reaction of a family of sulfonated and halogenated tetraaryl-
porphyrins in a melt (at 150 °C) of a 30-fold molar excess of p-toluenesulfonyl-
hydrazide in the absence of a base and under vacuum generated the tetraaryl-
bacteriochlorins 20f-i from the corresponding porphyrins (in isolated yields of 70-
85%, ~100% conversion with <1% chlorin based on UV-vis analysis) within 
10 minutes.74,83 Whereas phenyl-unsubstituted bacteriochlorins are subject to facile 
(air) oxidation to chlorins, bacteriochlorins 20f-i proved to be stable.74 This was 
attributed to their increased oxidation potential due to the presence of electron-
withdrawing groups on the phenyl rings as well as the steric hindrance provided by 
the ortho-substituents.74 In the main, however, the major drawback of the meso-
tetraarylbacteriochlorins is their sensitivity to oxidation. The use of Withlock diimide 
reduction to generate meso-5,15-diphenylchlorin and -bacteriochlorin was also 
reported.76,77  
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d. OsO4-Mediated Dihydroxylation of β-Octaalkylporphyrins 
The osmium tetroxide-mediated dihydroxylation of a β,βʼ-bond of octaalkyl-
porphyrins was discovered by Fischer in 1940.84 This reaction highlights the pseudo-
olefinic nature of the porphyrin β,βʼ-bonds and has found widespread use in the 
formation of bacteriochlorins and isobacteriochlorins.85-96 However, the reaction is 
slow compared to the osmylation/dihydroxylation of true olefins, and no system has 
been reported in which the dihydroxylation of porphyrins was performed using 
catalytic amounts of osmium tetroxide. Thus, the reaction is performed using a 
stoichiometric quantity (or even a stoichiometric excess) of osmium tetroxide in the 
presence of pyridine (as co-solvent and accelerator of the osmylation reaction).97 
The initially formed osmate ester is reduced in a separate step, [typically with 
hydrogen sulfide (H2S) or sodium hydrogen sulfite (NaHSO3)].98 Since the osmylation 
generates specifically cis-vic-diols, bis-osmylation generates two isomeric bacterio-
chlorins depending on the relative orientation of their two diol functionalities (cf. 
Chapter 2).99 As in the diimide reduction, this oxidation is highly regioselective.73,100 
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The dihydroxylation of free base chlorins generates bacteriochlorins, while the 
dihydroxylation of metallochlorins generates. 
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The dihydroxylation of chlorins or the bis-dihydroxylation of porphyrins has been 
utilized for the formation of octaalkylbacteriochlorin chromophores with a variety of 
framework structures, including octaethylbacteriochlorin tetraol 22 (λmax = 
715 nm)101, pyropheophorbide derivates 25,92 hexaol 24 (λmax = 708 nm)87,  aza-
bacteriochlorin 26 (λmax = 724 nm)91, and bacteriopurpurins and bacterio-
purpurinimides 27 (λmax = 816 nm for R1 = CHO, R2 = CO2Me, X = 
N(CH2)CH(CO2Et)NH2, ).86-91,94,95 The group of Pandey, in particular, has generated 
a large series of amphiphilic semi-synthetic bacteriochlorins that involved dihydroxy-
lation steps and that were tested for their efficacy in PDT.92-95,102,103 Since the 
reaction shows no face differentiation, all of the diol/tetraol bacteriochlorins 
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synthesized were formed as mixtures of diasteriomers.104 Although the dyhydroxy-
lation of octaalkylporphyrin/chlorin is very versatile, the inherent formation of stereoi-
somers may complicate the isolation of diasteriomerically pure compounds. 
1.5. Acid Induced Dehydration of β,βʼ-Diol Bacteriochlorins 
The acid-induced dehydration of the diol moiety in the β-octaalkylchlorin and –
bacteriochlorin series initiates a pinacol-pinacolone rearrangement that leads to the 
formation of a α-gem-dialkylketone-chlorin or –bacteriochlorin, respectively. Thus, 
treatment of octaethyltetraolbacteriochlorin 22 with strong mineral acid yields a 
mixture of diketobacteriochlorins 28 (λmax = 673 nm) and 29 (λmax = 696 nm) without 
any clear selectivity for one isomer over the other (Scheme 1-6).101,105,106 Generally, 
the UV-vis spectra of oxobacteriochlorins and oxoisobacteriochlorins are significantly 
blue-shifted compared to the normal tetrahydro- or tetrahydroxy-bacterio-
chlorins.101,107 
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Scheme 1-6. Syntheses of oxobacteriochlorins by pinacol-pinacolone 
rearrangement of β-octaethylbacteriochorin tetraols 
In the case where the two alkyl substituents on the β,βʼ-bond are dissimilar, the 
moiety with the highest migratory aptitude will migrate.89,108 The scopes and 
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limitations of the utilization of the varying migratory aptitudes of different 
β-substituents were studied.89,108  
Using somewhat milder acids (dilute aqueous sulfuric acid) than used to induce 
the pinacol-pinacolone rearrangement/dehydration, octaalkyl-vic-diolbacteriochlorins 
may undergo an alternate rearrangement/dehydration, forming 2-hydroxy-alkanyl-
substituted chlorins. For instance, bacteriochlorin 30 and isobacteriochlorin 32 
provided the 2-hydroxy-alkyl-substituted chlorins 31 and 33, respectively (Scheme 
1-7).109  
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Scheme 1-7. Acid induced dehydration of β-hydroxyoctaalkylbacteriochlorins 
Similarly, the combination of the formation of alcohol of type 33 with a 
subsequent dehydrogenation converts 34 into the methyl acrylate chlorin derivative 
35 (λmax = 661 nm).32 In the case of the dehydration of the oxobacteriochlorin 36 no 
regioselectivity of the dehydration is observed. The formation of the more conjugated 
chlorin is likely the driving force for this reaction. 
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1.6. Pyrrole Modified Porphyrins (PMPs) 
Syntheses of novel porphyrinoids in which one or more pyrroles of a porphyrin 
were formally replaced by a non-pyrrolic heterocyle have been a major focus in 
current porphyrin research. These porphyrinoids are simply called Pyrrole Modified 
Porphyrins (PMPs). PMPs can be synthesized along two principal pathways: either 
using total synthetic approaches, i.e., the macrocycle is formed from (substituted) 
pyrroles, meso-building blocks, and the heterocycle derivatives of choice, or by the 
coversion of a preformed porphyrin (or porphyrin analog) into the PMP derivative of 
interest. PMP containing different non-pyrrolic heterocylces, such as morpholines, 
oxazoles, oxazoles, imidazoles etc., have been reported.124,126 
In addition to that, PMPs with cleaved β,βʼ-bonds can also be found, which are 
generally named secochlorins. Indaphyrins are derived from secochlorins but the 
secochlorin substituents are connected to the o-positions of the flanking phenyl 
groups, giving rise to annulated indanone moieties. This led to their naming as inda-
phyrins (see below). A detailed discussion about secochlorins, morpholinochlorins 
and indaphyrins is presented below.  
1.6.1. Secochlorins 
The conceptually most straight forward access to secochlorins is by oxidative 
cleavage of an activated β,βʼ-bond of a porphyrin or chlorin. This possibility was 
firstly demonstrated using a rational approach by Bonnett and coworkers (Scheme 
1-8).110,111 The activation of the β,βʼ-bond of octaethylporphyrin 39 was achieved 
through an osmium tetroxide-mediated dihydroxylation, a well-known and versatile 
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reaction to convert octaalkylporphyrins into chlorins.35,84,109,112-116 The resulting 
dihydroxychlorin, as its Ni(II) complex 40Ni, proved susceptible to a classical lead 
tetraacetate-induced diol cleavage reaction, generating secochlorin diketone 
41Ni.110,111 The crystal structure of 41Ni demonstrated its, at the time, unique 
connectivity and showed its nickel-induced, non-planarity.111 The broad and red-
shifted spectra for 41Ni (λSoret = 444 nm, λmax = 648 nm) with relatively low extinction 
coefficients highlight the electronic influence of the ketone functionalities,117,118 and 
likely its non-planarity. Its bishydrazone derivative was reported, demonstrating the 
typical ketone reactivity of 41Ni.110 
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Scheme 1-8. Syntheses of β-octaethyl secochlorin bis-ketone 
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The use of milder oxidation conditions (sodium periodate heterogenized with 
silica gel in solvents containing mild base) eventually allowed the synthesis of the 
free base secochlorin (Scheme 1-9).116 The predominant reaction of secochlorins 41 
and 41Ni is an intramolecular aldol condensation.110,111,116 
This synthetic pathway toward secochlorins – activation of a porphyrin/chlorin 
with (electron-rich) β,βʼ-substituents and subsequent oxidative cleavage of the 
β,βʼ-bond – is the template for all other known secochlorin syntheses, whether 
serendipitous or by rational design. 
Analogs to octaethylporphyrin dihydroxylation shown above (Scheme 1-8), meso-
tetraphenylporphyrin 1a can be osmylated to generate the corresponding 2,3-
dihydroxychlorin (and tetrahydroxybacteriochlorins) by subsequent reduction of the 
osmate ester (Scheme 1-9).73,119,120 Oxidations of the diol functionality (with lead(IV) 
acetate or periodate) generates a secochlorin bisaldehyde, whereby the nickel 
complex 43Ni is stable and can be crystallized.121,122 The use of silver(II) as a 
template for secochlorin bisaldehyde 43Ag is possible,123 but the product is, like the 
free base bisaldehyde 16, much less stable than the nickel complex 43Ni. Both can 
be isolated and characterized but are best used immediately in subsequent reactions 
or used in situ.123-125 The crystal structure of 43Ni confirmed its unusual structure and 
twisted conformation. 
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Scheme 1-9. Syntheses of free-base and metallated secochlorin bis-aldehydes from 
meso-tetraphenylporphyrins 
 
Figure 1-6. Solid state structure of Ni complex of meso-tetraphenylsecochlorin bis-
aldehyde 
1.6.2. Morpholinochlorins 
meso-Arylmorpholinochlorins are a class of chlorin-type pyrrole modified 
porphyrins (PMPs) containing a partially unsaturated morpholine moiety in place of a 
pyrrole, with the nitrogen positioned inwards like a pyrrole. The synthetic pathway 
toward morpholinochlorins – a multi-step conversion of a meso-arylporphyrin 
became emblematic for a whole range of PMPs that were synthesized along the 
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ʻpyrrole breaking and mending routeʼ with a secochlorin bisaldehyde being the key 
intermediate.  
Brückner and Dolphin reported the first example of a morpholinochlorin, as its 
nickel(II) complex.120 Specifically, secochlorin bisaldehyde 43, either prepared in situ 
in its free base or silver(II) complex, or isolated as its Ni(II) complex (see Section 
1.7.I), is reacted with an alcohol under neutral or mildly acidic conditions (Scheme 
1-10).120,123,126,127 This led to a nucleophile-induced ring-closure, initially forming 
acetal-hemiacetal 44 (for a more detailed description of the mechanism, see Scheme 
1-11).127 Hemiacetal 44 was the main product under slightly basic conditions or when 
using bulky alcohols.126,127 The hemiacetal moiety was converted into an acetal 
under more strongly acidic conditions using either the same alcohol used to induce 
the ring-closure, forming 45. Using isolated 44, and a second alcohol, morpholino-
chlorin 46, carrying two different alkoxy chains, can be formed.127 Treatment of, for 
instance, the methoxy derivative with excess of ethanol or isopropanol under acid 
catalysis at elevated temperatures lead to an alkoxy exchange reaction.124,126 
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Scheme 1-10. Syntheses of morpholinochlorins 
The morpholinochlorin Ni(II) complexes proved to be dramatically ruffled, and this 
ruffling could be traced back to the small nickel(II) ion. The resulting Ni-N bond 
distances observed in 45Ni are among the shortest bond distances observed for 
nickel porphyrinoids (average Ni-N bond distance in 45Ni (R = Me) is 1.895 Å, very 
close to the values expected for unrestricted Ni(II)-N(aromatic) bonds.120,122,127 As a 
result of these near-ideal Ni-N bonds (or, inversely, the small central cavity size), 
morpholinochlorins are locked into a nonplanar conformation stabilizing the small 
nickel(II) ion. This results in their inability to accommodate the larger nickel(I) ion.  
Alcohols are not the only nucleophiles suited to induce the ring-closing reaction 
of a secochlorin bisaldehyde to form the morpholine moiety. The C-nucleophiles 
KCN (in the presence of 18-crown-6) and methyl-Grignard also effects this reaction 
with 43Ni, providing corresponding hemiacetals 47Ni and 48Ni, respectively. In 
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addition, hydrides can also act as nucleophiles, forming hemiacetals 49M. These can 
be converted into acetals, (such as 50M), can be hydro-dehydroxylated to form 
unsubstituted morpholinochlorins 51M.127 
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In contrast to the [morpholinochlorinato]Ni complexes, the crystal structures of 
the free base morpholinochlorins show a conformation that is strongly dependent on 
the number of alkoxy substituents.124 The ruffling of the macrocycle positions the two 
alkoxy moieties away from the molecule, reducing their steric influence on the 
macrocycle. The direct comparison of the solid-state structures of free-base 
diethoxy, monoethyoxy and non-substituted morpholinochlorins is presented in the 
Figure 1-7.  
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Figure 1-7. Single crystal X-ray structures of meso-tetrakistolyl-2,3-diethoxy-
morpholinochlorin 45 (R = Et) (top),124 meso-tetrakisphenyl-2-ethoxymorpholino-
chlorin 50 (middle),127 and meso-tetrakisphenylmorpholinochlorin 51 (bottom)127.128 
Ruffled porphyrinoids such as 45 and 45Ni (both with R = Et) possess helimeric 
chirality and crystallize as racemic mixtures. It was shown that their helimeric 
enantiomers could be separated by chiral HPLC. A detailed study of the chiral 
resolution of morpholinochlorins can be found.127 The chiral separation experiments 
as well as the crystal structures showed that even in the presence of three chiral 
elements (helicity and two sp3-hybridized carbons on the morpholino moiety), only 
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one racemic pair is observed. This can be explained by the mechanism and steric 
restrictions during the ring closure reaction (Scheme 1-11).  
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Scheme 1-11. Mechanism for the formation of morpholinochlorins and their 
β-to-o-Ph ring annulated products 
The secochlorin bisaldehyde 42Ni is strongly ruffled (P or M), with the aldehyde 
groups sitting anti-parallel and on top of each other, thus shielding one side of each 
aldehyde. This ruffling also positions the phenyl groups such that they provide a 
steric shield for the aldehyde groups, directing the nucleophile attack. Thus, only an 
exo-attack of an alcohol can take place, forming hemi-acetal 52Ni. The alcohol 
functionality of this hemi-acetal then reacts intramolecularly with the other aldehyde 
from the endo-side, forming the morpholinochlorin 44Ni containing both an acetal 
and hemi-acetal moiety. Sterics and stereoelectronics lead to a preference for the 
trans-configuration of the alcohol and alkoxide groups. Thus, each helimer forms 
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stereoselectively the homochirally-configured acetal-hemiacetals. The configuration 
of the double acetal 45Ni is, for steric reasons, also trans. This situation is observed 
for the free base chromophores as well. 
The reaction of morpholinochlorin hemiacetals with acids leads to an 
intramolecular Friedel-Crafts reaction resulting in the formation of a β-to-o-Ph linkage 
and a ring annulated product (Scheme 1-11). Steric factors predict that the relative 
stereostructure of a β-to-o-Ph linkage will be cis with respect to the alkoxide side 
chain in the ruffled nickel(II) complexes (in, for instance, 53Ni), and trans in the free 
bases (in, for instance, 54) (Scheme 1-11).127 This relative stereostructure was 
shown by the X-ray structures of 54 (R = CH(Ph)2) and the corresponding ring-fused 
product of 47Ni (Figure 1-8). 
 
Figure 1-8. Single crystal X-ray structures of β-to-o-fused [meso-tetrakisphenyl-2-
cyanomorpholinochlorinato]Ni(II) 47Ni (left) and β-to-o-fused meso-tetrakisphenyl-2-
benzhydroloxyorpholinochlorin (R = CH(Ph)2) 54 (right).127,128 
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The UV-visible spectra of the morpholinochlorin are typical chlorin/ metallo-
chlorin-type spectra, though they are significantly broadened and bathochromically 
shifted (λsoret = 420 nm, λmax = 676 nm for 373 (R = Et) as compared to the spectrum 
of the essentially planar dihydroxychlorin 15 (λsoret = 408 nm, λmax = 644 nm).120,124 
The conformational rigidity introduced to the morpholinochlorins upon ring fusion 
results in the broadening of their UV-vis spectra. A comparison of the UV-visible 
spectra of the β-to-o-fused morpholinochlorin 54 [R = CH(Ph)2] with that of the 
diethoxymorpholinochlorin 45 clearly relects their differing conformations (Figure 
1-9).127 On the other hand, the ruffled conformational modes for the nickel(II) 
complexes of morpholinochlorin 45Ni (R = Et) and its β-to-o-fused analog 54Ni (R = 
CHPh2) do not change. Thus, their UV-visible spectra are similar, merely reflecting 
the expanded π system of the morpholinochlorin carrying the β-to-o-fusion. 
 
Figure 1-9. UV-visible spectra (CH2Cl2) of free base morpholinochlorins 45 (R = Et) 
and β-to-o-fused morpholinochlorin 54 (R = CHPh2). Figure generated from data 
present in Ref. 127. 
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1.6.3. Indaphyrins 
Indaphyrins are accessible as its free base or metal complex, by an acid-catalzed 
reaction of a secochlorin bisaldehyde, such as 43, in the absence of a 
nucleophile.129-131 The reaction is a stepwise electrophilic aromatic substitution of the 
o-position of the neighboring aryl group by the (protonated) aldehyde functionalities, 
followed by an oxidation of the intermediate alcohol (Scheme 1-12). The intermediate 
Friedel-Crafts product 55 is, however, not observed as it is rapidly oxidized by air at 
ambient conditions. The cyclization of the second aldehyde group requires 
significantly stronger acids than does the first cyclization, allowing for isolation of 
mono-aldehyde 58.130 
N
N N
N
Ar
Ar
Ar
ArM
CHO
CHO
43M
Ar = Ph, 3,4,5-(MeO)3Ph
[H+], air
N
N N
N
Ph
Ph
Ph
M
CHO
H OH
N
N N
N
Ph
Ph
Ph
M
CHOO
TFA
N
N N
N
Ph
Ph
M
OO
57: M = 2H (44% from 15)
57Pt: M = Pt (65%)
Pt(acac)2, 
PhCN, !
M = 2H, Cu(II), Ni(II), Zn(II), Ag(II)
55 56
(putative intermediate)
 
Scheme 1-12. Synthesis of indaphyrins from secochlorin bis-aldehyde 
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It was computed that the short linkage forces the indanone groups into near 
coplanarity with the mean plane of the greatly ruffled porphyrinoid chromophore, thus 
allowing for extensive conjugation between the two π-systems.130 This, and the two 
conjugated ketone functionalities, rationalize the unusual UV-visible spectra of 
indaphyrins (λmax-absorption = 810 nm) when compared to those of porphyrins (λmax-
absorption ∼650 nm).130 
A crystal structure of 57Pt eventually confirmed the spectroscopically determined 
connectivity and computationally predicted conformation of the indaphyrin (Figure 
1-10).131 Whereas in the nickel complexes of most porphyrinoids the ruffling is 
induced by the metal,132-134 it is believed that the ruffling observed in 57Pt is intrinsic 
to the macrocyle as the N-Pt bond distances (2.003(3) Å) are identical to those found 
in (planar) platinum porphyrin complexes (2.005 Å).135 As is seen in the conformation 
of a number of secochlorins (Sections 1.7.I), the conformation allows the carbonyl 
groups of the indanone moieties to lie antiparallel on top of each other, and co-planar 
with the porphyrinoid π-system.  
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Figure 1-10. Single crystal X-ray structures of [diphenylindaphyrinato]Pt(II) 57Pt, 
side view along N2-N3 axis (left) and frontal view along the N1-N3 axis (right).128,131 
N
N N
N
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2. Syntheses, Structures, Modification, and Optical Properties of 
meso-Tetraaryl-2,3-dimethoxychlorin, and Two Isomeric meso-
Tetraaryl-2,3,12,13-tetrahydroxybacteriochlorins  
The synthesis and study of chlorins (2,3-dihydroporphyrins) and bacteriochlorins 
(2,3,12,13-tetrahydroporphyrins) are key interests in current porphyrin-related 
research.1 Photomedical and light-harvesting applications are two areas that drive 
the research. Two principle pathways are available toward their synthesis: total 
synthesis from monopyrrolic building blocks or the conversion of a porphyrin (cf 
Chapter 1).2,3 
Reaction of a porphyrin with one equivalent of OsO4, followed by reductive 
cleavage of the osmate ester (commonly performed with H2S) produces the a 2,3-
cis-diolchlorin. Reaction of the porphyrin with two equivalents of OsO4 and 
subsequent reduction generates two isomeric 2,3,12,13-bis-(cis-diol)-bacterio-
chlorins (Scheme 2-1).4-7 The two bacteriochlorin isomers vary in the relative 
orientation of their two diol functionalities. They can be on the same side of the mean 
plane defined by the porphyrin framework – we will refer to this isomer as the 
Z-tetraolbacteriochlorin (point group symmetry CS), or they can be on opposite sides 
– we will refer to this isomer as the E-tetraolbacteriochlorin (C2h).8 
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Scheme 2-1. General reaction scheme for the synthesis of diol chlorin and tetraol-
bacteriochlorin  
Using octaalkylporphyrins, this osmylation reaction was firstly described by Hans 
Fischer in the early days of synthetic porphyrin chemistry,8 and it proved of wide 
utility in the further derivatization of octaalkylporphyrins.9,10,11 The corresponding 
reaction for meso-tetraaryl-porpyrins and -chlorin was firstly communicated in 
1995.12,13 While the meso-aryldiolchlorins have since found use as photo-
sensitizers,5,6,14,15 or synthetic intermediates toward the generation of pyrrole-
modified porphyrins,16,17,18 the corresponding tetraolbacteriochlorins were used much 
less frequently.5-7,12 In part, this may be due to their high polarity and limited 
solubility. They are generally harder to prepare, purify, and to handle than the 
diolchlorins. 
The stereochemistry of the E/Z-isomers has never been unequivocally assigned 
for the tetraaryltetrahydroxybacteriochlorins (although an educated guess predicts 
the correct assignment, see below).7,12,19 Also, derivatives of the tetraols that 
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preserve their bacteriochlorin chromophore have not been reported. Furthermore, it 
was noticed before that the longest wavelength of absorbance in the tetraolbacterio-
chlorins is significantly blue-shifted compared to that of the tetrahydro-
bacteriochlorins but a rationalization on the basis of either electronics or sterics was 
not provided.12 Single crystal X-ray structures of the tetraolbacteriochlorins or the 
precursor meso-tetraaryldiolchlorin have not become known to help answering these 
questions. In fact, only four other meso-arylbacteriochlorin crystal structures have 
been reported to date.20  
We report here the synthesis, separation, and unambiguous assignment of the 
two isomeric tetraolbacteriochlorins. Together with the structure of a 
dimethoxychlorin also reported here, the answers as to the conformational effects of 
the dihydroxylation and methylation of the diol functionalities can be answered. We 
also present full NMR spectroscopic assignments of representative meso-
tetraarylbacteriochlorins, report of some mixed functionality derivatives, and their 
reaction in acid. In so doing, we contribute to the understanding of these readily 
available, long wavelength absorbing and emitting, relatively stable, and potentially 
most versatile chromophores and make them accessible for a number of 
applications.  
2.1. Results and Discussion 
2.1.1. Synthesis of Chlorins 2, 3, and Tetraolbacteriochlorins 4.  
The osmylation of free base meso-tetraarylporphyrins 1 was principally 
performed as described before,16 with the implementation of two modifications that 
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were found to significantly improve the reaction yields. Firstly, the reaction was run in 
CHCl3/30% pyridine (instead of 10% pyridine). Secondly, the porphyrin was 
completely dissolved in the least amount of slightly warmed solvent before we added 
the solid OsO4; porphyrin suspensions should be avoided (the amount of solvent 
required depended on the solubility of the particular aryl derivative). These measures 
assure the highest possible porphyrin concentration in solution. This translates into 
higher reaction rates (from up to 6 days down to 1-3 days at ambient temperature). 
In turn, we find fast reactions tend to increase the chlorin yields.  
Traditionally, the reactions are run until no further change of the UV-vis of the 
crude reaction mixture is detectable, whereupon the reaction mixture is, after the 
replacement of all pyridine by CHCl3/MeOH, quenched by reacting with gaseous H2S 
by passing the latter on to the surface of the stirring solution (Scheme 2-2).16 Column 
and plate chromatographies then isolate diol chlorin 3 and the two isomeric 
tetraolbacteriochlorins 4.7,12  
We have found that it is, in many instances, easier to evaporate the crude 
mixture to dryness and to first separate the osmate esters by column 
chromatography (silica-gradient CH2Cl2 to CH2Cl2/5% MeOH, depending on the 
polarity of the products). The isolated chlorin and bacteriochlorin osmate ester 
fractions are then reduced with H2S and purified by filtration through a plug of Celite 
and/or short column chromatography. In addition to the traditional flash column 
chromatography, automated column chromatographic techniques (CombiFlash, 
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Telidyne Isco) were also implemented with improved resolution and separation 
times. In the latter case, the crude mixtures were coated on to silica prior to use. 
The tetraolbacteriochlorin osmate esters are stable. In some cases, and 
depending on the aryl substituents, the stereoisomers of the osmate esters can be 
readily separated by plate or column chromatography but in many other cases, both 
bacteriochlorin osmate ester isomers are best isolated together. While we will 
describe the diolchlorin osmate ester below in detail, we elected to reduce the 
bacteriochlorin osmate esters without further characterization, and to focus on the 
separation and characterization of the resulting tetraolbacteriochlorins. 
Depending on the stoichiometric ratio of OsO4 and porphyrin used (ranging from 
0.7:1 to 2.5:1), diol chlorin 3 is formed concurrently with less or more of the 
bacteriochlorins 4, respectively. Even using very small ratios, some bacteriochlorins 
form, indicating that the dihydroxylation of the chlorin is much faster than the 
dihydroxylation of the porphyrin. This circumstance is readily rationalized by the 
comparably larger activation energy required to remove the first pseudoolefinic β,βʼ-
double bond from the fully conjugated porphyrinoid π-system when contrasted 
against the energy required to dihydroxylate a second pseudoolefinic double bond of 
a chlorin. This is because the presence of one reduced β,βʼ-double bond ʻfixesʼ the 
conjugation pathway of the 18 π-electron core and ʻactivatesʼ in free base chlorins 
the pseudoolefinic double bond opposite of the pyrroline moiety toward further 
addition reactions. This (and the metal-directing effect resulting in the formation of 
metalloisobacteriochlorins upon osmylation of metallochlorins—not studied here) is a 
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well documented observation in porphyrin chemistry.21,22 Very large OsO4 to 
porphyrin ratios (>3:1) tend to over-oxidize the porphyrin, as judged by the larger 
quantities of baseline material that are formed.  
The absolute yields of chlorins and bacteriochlorins vary greatly. On one hand, 
the yields are strongly dependent on the purity and solubility of the porphyrin and the 
purity of the solvents as even small amounts of double-bond containing fractions 
greatly diminish the OsO4 available for porphyrin modification. On the other hand, 
some bacteriochlorins (such as those of the meso-phenyl-series 4a) are 
characterized by a high affinity for silica gel and tend to ʻstreakʼ. They require large 
quantities of ~30% MeOH in CH2Cl2 or CHCl3 or pure THF to elute though these 
solvents are unsuitable to separate the bacteriochlorin isomers or to affect any 
chlorin/bacteriochlorin separations. Thus, it is best to first isolate the chlorin fraction 
and then flush off the bacteriochlorin fractions from the column with large quantities 
of solvent, and to subject them (perhaps, after the cleavage of the osmate esters) to 
plate chromatography separations. Alternatively, the mixture can be O-methylated to 
reduce their polarity, see below. Once the bacteriochlorins have been isolated, they 
freely dissolve in CHCl3/CDCl3/mixtures of halogenated solvents and alcohols or 
more polar organic solvents (DMF, DMSO, THF). 
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Scheme 2-2. OsO4 mediated dyhydroxylation of meso-tetraarylporphyrins: synthesis 
of diolchlorins, tetraolbacteriochlorins and their corresponding methyl ethers. 
Reaction Conditions: (i) 1. ~2.5 equiv. OsO4, CHCl3/30% pyridine, r.t., 4-7 d; optional 
column chromatography. (ii) H2S, CHCl3/10% MeOH, r.t., 15 min, followed by column 
chromatography (silica, gradient 100% CH2Cl2 to CH2Cl2/5% MeOH. (iii) ~5 equiv, 
NaH (60.8% NaH in mineral oil), THF, r.t., 30-45 min, anhydrous conditions (N2), 
followed by ~3 equiv. MeI, r.t., 2-3 h. 
In contrast to our preliminary report that the two bacteriochlorin isomers (we shall 
refer here to these isomers as the high and low polarity isomers; for their 
assignment, see below) form in about 1:1 ratio (by reaction of 3a with OsO4)12, they 
are isolated from the reaction mixture of the reaction of 1a with OsO4 in ~1:4 ratio of 
low polarity:high polarity isomer, whereby the low polarity fraction is generally 
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characterized by a significantly lesser chemical stability compared to the high polarity 
fraction, further skewing the yields. Again, a large influence of the nature of the aryl-
groups is noted. 
The NMR spectra for the high and low polarity bacteriochlorins are very similar to 
each other and diagnostic for their connectivity, but not their relative stereochemistry 
(see also Figure 2-9). While it appears reasonable to assume that the tetraol carrying 
all four hydroxy groups on one side of the plane defined by the porphyrin (Z-isomer) 
is more polar compared to the E-isomer presenting one cis-diol on each side, we 
could not prove this by NMR spectroscopy.7,12,19 To complicate matters, neither the 
tetraphenyldiolchlorins nor the tetraphenyltetraolbacteriochlorins showed any 
propensity to crystallize. Thus, we were seeking diol/tetraol and meso-aryl 
derivatives of higher crystallinity. 
2.1.2. X-Ray Single Crystal Structures of 4d-Z and 4b-E 
We improved the crystallinity of the tetraolbacteriochlorins by varying the aryl 
group from phenyl to 4-iPr-phenyl, 4-tBu-phenyl, to 3,4,5-MeO-phenyl (Scheme 2-2), 
though their crystallization proved generally difficult. The high polarity isomer of the 
3,4,5-trimethoxyphenyl-derived bacteriochlorin 4d-Z eventually provided high quality 
crystals (Figure 2-1). Indeed, the structure proves our projection that the high polarity 
isomer is the isomer carrying all hydroxy groups on the same side of the macrocycle 
plane.  
A planar porphyrinoid framework with coplanar cis-dihydroxylated ß,ßʼ-bonds 
would place the –OH groups in each diol functionality into an eclipsed conformation. 
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This potential steric clash is alleviated by a dissymmetric distortion of each 
pyrroline—one β-carbon is located significantly above the mean plane defined by the 
porphyrin, thus resulting in a 30° dihedral angle between the hydroxyl groups. The 
distortion of each pyrroline is transmitted to a reduced degree to the macrocycle. The 
two pyrrole moieties are nearly co-planar to each other. All other metric parameters 
(such as the C-C bond lengths in the macrocycle and the dihedral angles between 
the aryl groups and the porphyrin mean plane) are as expected.  
 
Figure 2-1. Capped sticks model of the crystal structure of 4d-Z; top and side views. 
Disordered solvent molecules (CHCl3) and all CH hydrogens removed for clarity; aryl 
groups removed for clarity from the side view. 
We were also able to crystallize the low polarity isomer of the 4-iPr-phenyl-
substituted derivative 4b-E (Figure 2-2). The structure confirms that this compound 
N
NH N
HN
3,4,5-MeO-Ph
3,4,5-MeO-Ph
3,4,5-MeO-Ph
3,4,5-MeO-Ph
HO
HO
OH
OH
 2. Tetrahydroxybacteriochlorins 
 63 
is, as presumed, the isomer carrying the two diol functionalities on opposite sides of 
the porphyrinoid plane. The distortion modes observed for each individual pyrroline 
moieties are very similar to those observed in 4d-Z, with dihedral angles between the 
hydroxyl groups of 29°. However, while both pyrrolines in 4b-E are related by a 
(crystallographic) inversion centre, those in 4d-Z are related by an (idealized) mirror 
plane. For the detailed conformational analysis of both macrocycles, see below. 
 
Figure 2-2. Capped sticks model of the crystal structure of 4b-E; solvent molecules 
(two molecules of MeOH) and all CH hydrogens removed for clarity. 
2.1.3. Synthesis, Spectroscopic and Structural Characterization of 
Dimethoxychlorin 5a 
To reduce the polarity of the diol functionality, we converted the diol chlorin to its 
corresponding dimethoxy derivative using classic methylation conditions (Scheme 2). 
Thus, reaction of diol chlorin 3a with excess NaH, followed by stoichiometric excess 
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of MeI, lead to exhaustive O-methylation and the corresponding dimethoxychlorin 
was isolated in 60% yields as crystalline material. We never observed N-methylated 
products under these reaction conditions,23 thus avoiding the use of Zn(II) as a 
protecting group.18 The formation of monomethoxymonohydroxychlorin 6a is 
observed during the course of the reaction and, particularly when using shorter 
reaction times or lower quantities of methylating agent, 6a can also be isolated (as a 
racemic mixture, rac-6a). Both methylated products show the expected gain in mass 
(+14 and 28 amu, respectively) and the 1H and 13C NMR spectra of the demonstrate 
the replacement of the OH signal by a methoxy signal (s, δH 3.03, 6H, and δC 58.4 
ppm for 5a; s, δH 3.13, 3H and δC 60.3 ppm for 6a). Upon methylation, the pyrroline 
ß-carbon shifts about 10 ppm downfield. No other significant shifts are observed. 
The UV-vis and fluorescence spectra of 3a, 5a, and 6a are typical chlorin-type 
spectra and essentially indistinguishable from each other, indicating that the 
methylation does not alter the electronic properties of chlorin 3a due to, for instance, 
steric effects. 
The crystal structure of 5a is shown in Figure 2-3. As observed in the tetraol-
bacteriochlorins, the eclipsed conformation of the two methoxy groups is avoided by 
means of a distortion of the pyrroline moiety but presumably the larger overall rigidity 
of the chlorin framework, when compared to that of the bacteriochlorins, allows only 
a 17° dihedral angle between the methoxy groups. A similar conformation is also 
observed for ß-octaethyl-2,3-dihydroxychlorin.24 
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Figure 2-3. Capped sticks model of the crystal structure of 5a; all CH hydrogens 
removed for clarity. 
Compared to the parent diols 3, dimethoxyderivatives 5 are much less 
susceptible to oxidation or dehydration,13,25 thus providing an excellent, stable chlorin 
model compound. The alkylation reaction is also readily applicable to the tetraol-
bacteriochlorins 4, as detailed below. 
2.1.4. Monohydroxychlorin 11a. 
As eluded to above, the diolchlorin osmate esters are stable. For instance, the 
osmate ester of meso-tetraphenyl-2,3-diolchlorin 3a can be identified as the 2-fold 
symmetric bispyridine complex 2a (Scheme 2-3).  
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Scheme 2-3. Formation of meso-tetraarylmonohydroxychlorin. Reaction Conditions: 
(i) 1. ~2.5 eq OsO4, CHCl3/30% pyridine, r.t., 4-7 d; optional column chromatography. 
(ii) H2S, CHCl3/10% MeOH, r.t., 15 min, followed by column chromatography (silica, 
gradient 100% CH2Cl2 to CH2Cl2/5% MeOH). 
Only one type of pyridines is detectable by NMR (see spectra in SI), suggestive 
of their cis-arrangement opposite of the cis-alkoxides around an octahedral Os(VI) 
centre. This further implies a trans-arrangement of the oxo ligands. This coordination 
geometry around the osmium centre is also consistent with the findings of a range of 
crystallographically characterized osmate esters.26 
The reduction of osmate ester 2a with gaseous H2S is generally a clean reaction 
but particularly in larger scale reactions (500 mg of 2a, and above), we noticed the 
formation of a slightly less polar side product that possesses a near-identical UV-vis 
spectrum to that of diol chlorin 3a.16 However, its 1H NMR spectrum showed its lack 
of two-fold symmetry, three types of sp3-hydrogens (dd at 4.46 ppm, J 18.00 and 
7.75 Hz, 1H, and d 4.47, J 18.0 Hz, 1H, plus a typical pyrroline proton signal, m at 
6.47 ppm, 1 H, that resolves into a d, J 8.00 Hz upon D2O wash) and the HR-MS of 
this compound indicated that it contains one oxygen less than 3a. We assigned it the 
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monohydroxychlorin structure 11a, an assignment confirmed by single crystal 
diffractometry (Figure 2-4). 
The chromophore is slightly ruffled but, in the absence of any steric crowding of 
the hydroxyl group, essentially planar. For a more detailed conformational analysis, 
see below.  
 
Figure 2-4. Capped sticks model of the crystal structure of 11a; disorder and all CH 
hydrogens removed for clarity. 
2.1.5. bis-Chlorin Osmate Ester 16a 
As discussed throughout this chapter, the osmylation of meso-tetraarylporphyrins 
mainly produces the osmate esters of diolchlorins (2a) and bacteriochlorins, before 
they are reductively cleaved to form the corresponding diols, 3, and tetraols, 4. 
However, during the standard osmylation condtions, we have also observed the 
formation of a comparatively lower polarity product 16a (Rf = 0.81, Silica-CH2Cl2) 
(Scheme 2-3) with a chlorin-like UV-vis spectrum consists of four Q-bands identical 
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to those of the diolchlorin 3 and chlorin osmate ester 2a, but, with a characteristic 
split Soret absorption (Figure 2-51). 1H NMR of 16a shows a two-fold symmetric 
spectrum similar to diol chlorn 3, with three peaks appearing for β hydrogens in the 
ratio of 1:1:1 (d at 8.54 ppm, J = 4.7 Hz, s at 8.37 ppm, and d at 8.23 ppm, J = 4.8 
Hz) (Figure 2-52). However, the 1H NMR of 16a significantly differs from that of 2a, 
as it lacks the diagnostic pyridine signals which are coordinated to the osmium 
center of the latter [pyridine signals of 2a is found at 8.62 ppm (d, J = ~8.00 Hz), 
~7.7 ppm (multipet buried in the porphyrin aromatic signals), and at 7.36 ppm (t, J = 
~8.00 Hz), Figure 2-12]. On the other hand, the pyrroline hydrogens of the dimer 16a 
seems to be relatively deshielded as their 1H NMR signal (singlet) appears at 7.44 
ppm, which for the diol chlorin 3a is generally observed in the range of 6.00-6.50 
ppm. However, this observation is quite similar to what is seen for the chlorin osmate 
ester 2a (s at 7.02 ppm for pyrroline H) indicating a presence of an osmate ester in 
16a. Moreover, the replacement of the two pyridine moieties of 2a by a chlorin 
chromophore, also seems to have a significant effect on the electronics of the 
pyrroline hydrogens in the dimer 16a, as seen by the 0.42 ppm difference in their 1H 
NMR signals (Figure 2-12, Figure 2-52). This is presumably due to the anisotropic 
ring current effect exerted by each of the two chlorin rings in the vicinity of the 
pyrroline hydrogens.  
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2.1.6. Dihydroxylation of Dimethoxychlorin 5a. Synthesis and Optical 
Properties of the Dimethoxydihydroxybacteriochlorin 8a 
Dimethoxychlorin 5a is susceptible to ß,ßʼ-dihydroxylation using the standard 
porphyrin osmylation conditions.16 This reaction generates, after the reduction with 
H2S, two isomeric bacteriochlorin-type chromophores in a 4:1 high:low polarity ratio 
(50% combined yield): The high polarity fraction (Rf 0.42, silica-CH2Cl2/2% MeOH) 
we assign to be dimethoxydiolbacteriochlorin 8a-Z while we assign the low polarity 
fraction (Rf 0.73, silica-CH2Cl2/2% MeOH) to be 8a-E (Scheme 2-2). Both products 
are of significantly lower polarity than the corresponding tetraols 4a-E/Z (Rf 0.71 and 
0.40, respectively, silica-CH2Cl2/5% MeOH) and they do not display the extraordinary 
affinity of the tetraols to silica gel. The 1H and 13C NMR spectra of 8a-E/Z reflect the 
introduction of a second pyrroline moiety into 5a that is indicated by an additional ß-
sp3 hydrogen and carbon at δH 6.29 ppm and δC 74.15 ppm, respectively, and the 
splitting of the remaining non-equivalent ß-H into two sets of doublet of doublets (δH 
8.10 and 8.05 ppm, J1,4 2.4 and J1,3 4.8 Hz, 2H each). It is noteworthy that, using 
NOESY spectra, all hydrogen atoms of the dihydroxydimethoxybacteriochlorins 8a-E 
can be fully assigned, with no apparent differences between the NMR spectra seen 
in both isomers (cf. to Figure 2-9).  
The UV-vis absorption and fluorescence emission spectra of 8a-E/Z are shown in 
Figure 2-5. Their spectra are typical for bacteriochlorins, and essentially 
indistinguishable for those of the parent tetraols (see ESI), and from each other. Both 
isomers also possess relative identical fluorescence yields. The single-band 
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fluorescence spectra are characterized by a small (< 7 nm) Stokes shift. These 
observations can be generalized for all bacteriochlorins described here (for a further 
discussion, see below). 
 
Figure 2-5. UV-vis (solid red trace) and fluorescence spectra (dashed black trace) of 
8a-E and 8a-Z in CH2Cl2. 
As in the direct bis-dihydroxylation of porphyrin 1, the E/Z isomers in the 
dihydroxylation of 5a do not form in equal amounts. The minor isomer formed is 
always the E-bacteriochlorin. Should any steric influences between the osmate 
ester/dimethoxy groups and the second approaching OsO4-pyridine adduct play any 
role in the stereoselectivity, a preference for the Z-isomer would have been 
predicted. Also, the E-isomers are generally chemically much less stable than the 
corresponding Z-isomers. For example, 8a-E, tends to decomposes within hours in 
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CDCl3 that was not rigorously dried and deacidified but 8a-Z is stable in untreated 
CDCl3. Both compounds are stable in the solid phase. The stability of the bacterio-
chlorins also varied greatly with the aryl substituents. 
2.1.7. Diimide Reduction of Chlorins 3a and 5d. Synthesis and Optical 
Properties of the Dimethoxy/dihydroxybacteriochlorins 9a and 10d. 
The established Whitlock procedure for the diimide reductions of porphyrins and 
chlorin (p-toluenesulfonylhydrazide/ K2CO3/ pyridine, reflux)27 can be applied to 
diolchlorin 3a or dimethoxychlorin 5d, thus generating bacteriochlorins 9a and 10d, 
respectively (Scheme 2-4). The isolation of these chromophores from their starting 
materials is, due to their very similar polarities, difficult and consequently the isolated 
yields are marginal (less than 12%). The 1H NMR of these compounds confirm their 
connectivity. The pyrroline ß-hydrogens opposite of the dihydroxylated pyrroline 
moiety are, by virtue of the face differentiation brought about by the diol functionality, 
diastereotopic. Thus, they exhibit the diagnostic AAʼBBʼ-coupling pattern shown in 
Figure 2-6.  
N
NH N
HN
Ar
Ar
Ar
Ar
OR
OR
N
NH N
HN
Ar
Ar
Ar
Ar
OR
OR
Ar = Ph, R = H, 3a
Ar = (3,4,5-MeO-Ph), R = Me, 5d
Ar = Ph, R = H, 9a
Ar = (3,4,5-MeO-Ph), R = Me, 10d
(i)
 
Scheme 2-4. Diimide reduction of meso-tetraaryldiolchlorins and –dimethoxy-
chlorins. Reaction Condition: (i) K2CO3, excess p-toluenesulfonylhydrazide, pyridine, 
105°C, ~6-8 h. 
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Figure 2-6. Interpretation of the pyrroline region of the 1H NMR spectrum (400 MHz, 
CDCl3) of 9a. The J-coupling values were determined based on a simulation of the 
second-order peak pattern using WinDNMR.28 
The UV-vis of diol/dimethoxybacteriochlorins 9a and 10d are typical bacterio-
chlorin spectra. A notable trend is apparent. With increasing number of ß-hydroxy 
groups, λmax hypsochromic shifts of up to 34 nm compared to the parent tetrahydro-
bacteriochlorins are recorded. A corresponding shift can be observed for the chlorin 
series. This highlights the fact that the MOs of chlorins and bacteriochlorins possess 
some electron density on the pyrroline ß-carbons though they are formally not part of 
the chromophore.29 Accordingly, even one hydroxy substituent at these positions 
modulates the electronic properties of the chromophore, as the spectrum of 11a and 
a literature precedent demonstrate.30 This substituent-induced shift is also noticeable 
in moderated form in the ß-octaethylchlorin series. On the other hand, hydroxy 
groups at benzylic positions attached to the ß- or meso-groups show no or only 
minimal electronic effects.  
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2.1.8. Methylation of the Bacteriochlorinderivatives 4 and 8 
Smooth exhaustive methylation of the tetraolbacteriochlorins 4 can be achieved 
using the method described for the diolchlorins 3 but using twice the reagent 
quantities. Methylation of the high polarity tetraolbacteriochlorins 4-Z generates the 
higher polarity tetramethoxyderivative 7-Z, and accordingly, the lower polarity 
bacteriochlorins 4-E form the lower polarity tetramethoxybacteriochlorins 7-E. 
Likewise, the high polarity fraction of the dioldimethoxybacteriochlorin 8a-Z forms 
7a-Z upon methylation. Based on the crystallographically characterized bacterio-
chlorins, this assigns conclusively the relative (and absolute) stereochemistry of all 
bacteriochlorin derivatives. 
In all instances, the tetramethoxyderivatives are, by column or plate chromato-
graphy, much more readily separated from each other (and the corresponding 
dimethoxychlorin) than their corresponding hydroxy derivatives. Thus, the exhaustive 
methylation of the alcohol fractions of a crude reaction mixture, followed by the 
separation of the derivatives 5 and 7-E/Z is a convenient and efficient way of 
preparing the derivatives in high purity and yields up to 40%. We thus focus in our 
further spectroscopic characterization on the methoxy derivatives  
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Table 2-1. Select UV-vis data delineating the hypsochromic shift with increasing β-
OH substitution. Directly comparable compounds are arranged in blocks. 
Compound λmax (solvent)a Reference 
meso-tetraphenylchlorin 652 (benzene) 31 
tetraphenyl-2-hydroxychlorin (11a) 644 (CH2Cl2) this work 
tetraphenyl-2,3-dihydroxychlorin (3a) or  
dimethoxy derivative 5a 
644 (CH2Cl2) 16, this work 
meso-tetraphenylbacteriochlorin 742 (benzene) 31 
tetraphenyl-2,3-dihydroxybacteriochlorin (9a) 724 (CH2Cl2) 12, this work 
tetraphenyl-2,3,12,13-tetrahydroxybacteriochlorin 
(4a) or tetramethoxy derivative 7a 
708 (CH2Cl2) 12, this work 
5,10-diphenylchlorin 645 (C6H6) 32 
5,10-diphenyl-2,3-dihydroxychlorin 638 (CH2Cl2) 33 
5,10-diphenylbacteriochlorin 734 (C6H6) 32 
5,10-di(3,4,5-MeO-Ph)-2,3,12,13-tetrahydroxy-
bacteriochlorin 
702 (CH2Cl2) 5 
octaethylchlorin 646 (C6H6) 31, 34 
octaethyl-2,3-dihydroxychlorin 643 (CH2Cl2) 10, 35 
octaethylbacteriochlorin 724 (C6H6) 34 
octaethyl-2,3-12,13-tetrahydroxybacteriochlorin 715 (CHCl3) 36 
a The UV-vis spectra of these compound show generally only small (< 2 nm) 
solvatochromic shifts 
 
2.1.9. Structural Characterization of the Tetramethoxybacteriochlorin 7d-E 
Similarly to the diol case, methylation of the hydroxy groups does not change the 
UV-vis spectra of the bacteriochlorins (cf. also Figure 2-5 and Figure 2-10), 
suggesting that the conformation and conformational flexibility of the macrocycles in 
 2. Tetrahydroxybacteriochlorins 
 75 
solution are not fundamentally affected by the O,Oʼ-dialkylation reaction. The solid-
state conformation of tetramethoxybacteriochlorin 7d-E is shown in Figure 2-7. It is 
comparable to that of the E-tetraol 4b-E (Figure 2-2), albeit the dihedral angle 
between the methoxy groups on each pyrroline are slightly reduced to 24° 
 
Figure 2-7. Capped sticks model, side view along an N-N axis, of the crystal 
structure of 7d-E; solvents molecules (CH2Cl2) and all sp2 CH hydrogens removed 
for clarity. 
2.1.10. NSD Analysis of all Structurally Characterized Chromophores 
The lowest-frequency normal-coordinate structural decomposition (NSD) analysis 
of a porphyrinic C20N4 macrocycle allows a breakdown of its conformation into six 
lowest energy out-of-plane distortion modes.37 Applying this algorithm to all crystallo-
graphically characterized chlorin or bacteriochlorin chromophores will generate 
results that are certainly not directly comparable to porphyrins as the lowest energy 
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distortion modes of the more flexible and lower molecular symmetry chlorines/-
bacteriochlorins are different from those of porphyrins. Nonetheless, an NSD 
analysis of a number of related chlorins/ bacteriochlorins will allow a relative 
comparison of their conformation.  
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Figure 2-8. Lowest frequency normal-coordinate structural decomposition (NSD) 
results for all crystallographically characterized chromophores. 
Figure 2-8 shows the results of this NSD analysis. All five compounds are 
relatively little distorted from planarity. Two compounds are, however, more deviated 
from planarity than the rest. One is the tetraolbacteriochlorin 4d-Z, the only Z-isomer 
investigated, that was mainly saddled. The other is the mainly ruffled monohydroxy-
chlorin 11a. However, all chlorin and bacteriochlorin chromophores have identical 
UV-vis spectra, respectively. We conclude from this that the conformational flexibility 
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of all the chlorin/ bacteriochlorins are similar such that they all show the same 
averaged conformation in solution. Ultimately, the observed differences in their solid 
state conformations are likely more a reflection of differing packing effects and a 
testimonial to their conformational flexibility, rather than a measure of their native 
conformation. 
2.1.11. NMR Spectroscopic Characterization of the Tetramethoxybacterio-
chlorins 
The 1H and 13C NMR spectra of the tetramethoxybacteriochlorins are very similar 
to those of the corresponding tetraols and are generally well resolved and readily 
interpreted. Next to the low-field signals for the inner NH protons (in the range 
betwwen -1.8 to –2.0 ppm), diagnostic peaks are the low-field signals for the ß-
protons (s at 8.1 to 8.3 ppm) together the dihydroxylated/dimethoxylated pyrroline 
signals (s at ~5.9 ppm, + the signals for the MeO group from 2.9-3.2 ppm). Figure 
2-9 shows a representative example of the near-identical spectra for the two E/Z 
isomers of 7d. In this particular case, the appearance of two o-phenyl hydrogens (s 
at 7.02 and 7.36 ppm) signify the face differentiation by the dimethoxy groups, 
combined with a slow rotation of the meso-aryl group around the meso-ipso-bond. 
The down field signal is assigned to hydrogen located on the same side as the 
neighboring methoxy groups. Low temperature (–40°C) NOE, HMBC, HSQC, and 
H,H-COSY spectra allow the assignment of all hydrogens and all carbons (Table 
2-2).  
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Table 2-2. 1H and 13C NMR (400/100 MHz, CDCl3) assignments of 7b-Z 
 
N
HN
OMe
a
b
c d
e
f
g
h i
j
kl
Me
Me
Hm
n
n'
OMe
7b-Z
H
o
 
Position H/ppm  C/ppm 
a s, 2.96 58.27 
b s, 5.93 81.83 
c  157.08 
d  116.27 
e  137.18 
f d, 8.15 123.77 
m h, 3.18 34.29 
n, n’ two overlapping d, 1.47 and 1.48 24.49 
g  139.37 
h d, 8.01 134.13 
i d, 7.57 125.37 
j  147.90 
k d, 7.46 125.15 
l d, 7.74 131.19 
o br s, -1.78, exchangeable with D2O   
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Figure 2-9 Comparison of the 1H and 13C NMR spectra (CDCl3, 400/100 MHz) of 7d-
Z and 7d-E. The dotted line indicates the quadrant of the molecule that is the NMR-
spectroscopic repeat unit. 
2.1.12. Optical Properties of the Tetramethoxybacteriochlorins 
The UV-vis and fluorescence spectra of both isomers of the tetramethoxy 
derivatives 7 are identical to those of the dimethoxy- (8) and tetrahydroxybacterio-
chlorins 4 (Figure 2-10; cf. to Figure 2-5). The spectra of the two isomers 7d-E and 
7d-Z are identical to each other, as are their fluorescence yields. In CH2Cl2, the 
fluorescence yield φ is 0.21, i.e. a little twice as high as for porphyrin 1a.38 
2.1.13. ESI-MS Spectrometry of the Bacteriochlorins 
All free base bacteriochlorins investigated showed clear ESI+ mass spectra 
(100% CH3CN) whereby the (protonated) molecular ion peaks were the prominent 
signals. Minor fragmentation patterns included the loss of H2O (for the diol species) 
or the loss of MeOH (for the dimethoxy species) from the parent MH+ ions. This 
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fragmentation pattern mirrors the reactivity of the bacteriochlorins in solution. 
Collision-induced tandem mass spectra (ESI+, 100% CH3CN) have been used in the 
past to differentiate isomeric porphyrins.39 However, the isomers 7b-Z and 7b-E did 
not show any differences that would have allowed any conclusion on their absolute 
stereochemistry. 
2.1.14. Protonation of the Bacteriochlorins  
Porphyrinoids can be protonated, displaying characteristic spectra for their 
protonated chromophores.40 Bacteriochlorins are less basic than chlorins and 
porphyrins, a property that was utilized in their separation.31 Comparably little is 
known about the spectral signatures of protonated bacteriochlorins. Moreover, it is 
known that octaalky-ß-hydroxychlorins and bacteriochlorins undergo an acid-
catalyzed pinacole-pinacolone rearrangement.41-44 Figure 2-10 shows the 
unprotonated and protonated UV-vis spectra of the tetramethoxybacteriochlorin 7d-
Z. Upon protonation, the number of bands are reduced, and the Soret band 
broadens and shifts to 394 nm, whilst λmax red-shifts to 753 nm. The fluorescence of 
the protonated species is quenched to less than 1% of the fluorescence intensity of 
the neutral chromophore (not shown). 
Upon standing of the bacteriochlorins in acidic solution (2% TFA in CH2Cl2), the 
spectrum converts within 15 min to that of a protonated chlorin (Figure 2-10). Upon 
neutralization, the UV-spectrum of the resulting species possesses typical free base 
chlorin spectrum character,16 with a λmax of 658 nm (for the reaction of tetramethoxy-
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bacteriochlorins 7d-E/Z). Dioldimethoxybacteriochlorins 8 and the tetrahydroxy-
bacteriochlorins 4 showed the same behavior.  
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Figure 2-10. UV-vis spectra of 7d-Z in CH2Cl2 before the addition of 2% TFA (solid 
red trace), after the addition of 2% TFA, recorded directly after the addition (dashed 
black trace), and after 15 min. at r.t. (dotted blue trace); [7d-Z] within 2% identical. 
UV-vis of isolated product (15d) after neutralization with NH4OH and extraction (solid 
green trace). 
The reaction can be scaled to a preparative scale. For instance, isolation of 
product 15d of the reaction of 7d-Z in 2% TFA/CH2Cl2 after neutralization was 
straight forward as the reactant converted quantitatively within 1.5 h. Mass 
spectrometry (ESI+, 100% MeCN) showed the formal loss MeOH (m/z 1067.4263 for 
MH+). The 1H NMR spectrum is diagnostic for the assignment of the 2,3,12-
trimethoxychlorin structure 15d (Scheme 2-5, Figure 2-11).  
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R1 = R2 = H, 4b-Z
R1 = H, R2 = Me, 8a-Z
R1 = Me, R2 = Me, 7d-Z, 7d-E
(i)
N
NH N
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Ar
Ar
Ar
R2O
OR1
OR1
R1 = R2 = H, 12b
R1 = H, R2 = Me, 13a (major)
+  R1 = Me, R2 = H, 14a (major product), 
R1 = Me, R2 = Me, 15d
a, Ar = Ph
b, Ar = 4-iPr-Ph
d, Ar = 3,4,5-MeO-Ph  
Scheme 2-5. Acid induced dehydration/demethoxylation of tetraol and tetra-
methoxybacteriochlorins. Reaction Conditions: 1-2% TFA in CH2Cl2, r.t., up to 1.5 h. 
The loss of two-fold symmetry in 15d is clearly reflected in the coupling patterns 
and chemical shift differences of the ß-protons, and the appearance of a signal at 
7.59 ppm (s, 1H), assigned to the pyrrole ß-position adjacent to the methoxygroup. 
The remaining pair of pyrroline protons are surprisingly little shifted with respect to 
each other. The signal for the inner NH protons in 7d-Z (br s, -1.90 ppm, 2H,) is split 
into to two signals (br s, -2.11 and -2.25 ppm, 1H each). Most significantly, the 
reaction of both E- and Z-isomers of 7d produced the same product, 15d.  
 
Figure 2-11. Partial 1H spectrum (CDCl3, 400 MHz) of 15d 
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Mass spectrometry confirmed that the tetraolbacteriochlorins 4b lost H2O upon 
exposure to the acidic conditions, forming 2,3,12-trihydroxychlorin 12b. This is the 
chlorin analogue to Crossleyʼs 2-hydroxyporphyrin.45 An interesting case is the 
reaction of the dihydroxydimethoxybacteriochlorin 8a-Z as it could loose H2O or 
MeOH. Mass spectrometry on the acid reaction product mixture (ESI+, 100% 
CH3CN) shows it to be mostly (> 90%) the product resulting from the loss of MeOH 
(13a), with the remainder the product resulting form the loss of H2O (9%, 14a), and 
traces of a compound corresponding to the loss of two H2O. 
2.2. Conclusions 
The double dihydroxylation of meso-tetraarylporphyrins allows the preparation of 
two isomeric and stable bacteriochlorins. The O-methylation of the diol functionalities 
is facile and assists in the isolation and separation of the isomers, and further 
stabilizes the bacteriochlorins. Structural characterization of the two isomeric tetra-
hydroxybacteriochlorins assigns unambiguously their relative stereochemistry. Thus, 
this work makes these bacteriochlorins available for further study. It also paves the 
way toward bacteriochlorin-derived pyrrole-modified porphyrins as either dimethoxy-
diolbacteriochlorins 8 or diolbacteriochlorins 9 might be susceptible to similar 
functional group transformation sequences that we demonstrated for the diolchlorins. 
Experiments toward this end are currently ongoing in our laboratories. 
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2.3. Experimental 
2.3.1. Materials and Instruments 
All solvents and reagents (Aldrich, Acros) were used as received. Analytical 
(aluminum backed, silica gel 60, 250 µm thickness), preparative (20 × 20 cm, glass 
backed, silica gel 60, 500 or 1000 µm thickness) TLC plates, and the flash column 
silica gel (standard grade, 60 Å, 32-63 µm) used were provided by Sorbent 
Technologies, Atlanta, GA. 1H and 13C NMR spectra were recorded on a Bruker 
DRX400 or a Varian 500 MHz instrument. High and low resolution mass spectra 
were provided by the Mass Spectrometry Facilities at the Department of Chemistry, 
University of Connecticut. UV-vis spectra were recorded on a Cary 50, and the 
fluorescence spectra on a Cary Eclipse spectrophotometer, both Varian Inc. IR 
spectra were recorded on a JASCO FT-IR-410 using a diffuse reflectance unit. 
Fluorescence quantum yields were determined relative to meso-tetraphenylporphyrin 
1a (φ = 0.11 in benzene, calculated to be 0.09 in CH2Cl2).46 
The tetraarylporphyrins 1a-d were all prepared using the method of Adler.47 
2.3.2. Synthesis 
General procedure for the osmylation of meso-tetraarylporphyrins 1 
meso-Tetraphenyl-2,3-dihydroxychlorin osmate ester bispyridine adduct 
(2a). 1a (3.00 g, 4.88 mmol) was dissolved in a minimum amount of CHCl3/30% 
pyridine (350 ml) in a 500 ml round bottom flask equipped with a magnetic stirring 
bar. The dissolution of 1a was facilitated by the occasional warming of the mixture 
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using a heat gun, suspensions should be avoided. To the cool solution were added 
OsO4 (1.00 g, 3.94 mmol, 1.72 eqiv; it is advantageous to break an ampule and add 
the entire ampule immediately to the reaction flask) (Caution: fume hood and eye 
protection!). The reaction mixture was stoppered and covered from ambient light 
(aluminium foil) and stirred for 3-4 days at ambient conditions. The progress of the 
reaction was monitored by TLC with respect to the appearance of the polar products. 
When the UV-vis spectrum of the reaction mixture indicated no further change, the 
reaction was evaporated to dryness on the rotary evaporator (a gentle stream of 
air/nitrogen through the flask containing the crude material removes all remaining 
traces of pyridine). Column chromatography (silica, gradient of 100% CH2Cl2 to 
CH2Cl2/5% MeOH) recovers 1a in ~15% (0.48 g, 0.78 mmol) and the osmate ester 
chlorin 2a is isolated in 55% yield (2.36 g, 2.87 mmol). Extensive flushing of the 
column yields ~20% of E/Z bacteriochlorin fractions. The same procedure was 
extended toward the preferential formation of bacteriochlorins osmate esters by 
doubling the amount of OsO4 and allowing longer reaction times (controlled by TLC 
and UV-vis spectroscopy). The high polarity bacteriochlorin osmate esters are 
isolated in about 30-40% yields by column chromatography (silica-CH2Cl2/5-10% 
MeOH) as a mixture of two regioisomers (Z and E) and they were directly used to 
react with gaseous H2S, without further purification, to obtain the corresponding 
tetraol bacteriochlorins 4. 2a: Rf 0.22 (silica-CH2Cl2/2% MeOH); 1H NMR (400 MHz, 
CDCl3) 8.59 and 8.62 (3H, two overlapping doublets, J 4.89 Hz and 5.14 Hz), 8.47 
(1H, s), 8.30 (1H, d, J1,4 4.84 Hz), 8.13 (2H,br d, J 5.68 Hz), 8.08 (1H, br d, J 7.11), 
8.01 (1H, br d, J 6.67 Hz), 7.53–7.79 (6H, m), 7.36 (3H, t, J 6.77 Hz), 7.02 (1H, s); 
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13C NMR (100 MHz, CDCl3): 163.2, 152.9, 150.1, 142.5, 142.4, 141.2, 140.0, 135.7, 
134.4, 134.1, 132.5, 132.4, 127.7, 127.7, 127.3, 127.1, 126.8, 126.4, 125.0, 124.6, 
122.2, 114.3, 96.8; UV-vis λmax(CH2Cl2)/nm (log ε): 420 (5.26), 519 (4.19), 547 
(4.15), 594 (3.89), 647 (4.33); Fluorescence λmax(CH2Cl2)/nm (rel. intensity): 648 
(1.00), 711 (0.12). 
 
Figure 2-12. 1H NMR spectrum (400 MHz, CDCl3) of 2a 
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Figure 2-13. 13C NMR spectrum (100 MHz, CDCl3) of 2a 
General procedure for the reductive cleavage of diolchlorin and 
tetraolbacteriochlorin osmate esters.  
meso-Tetraphenyl-2,3-dihydroxychlorin (3a). meso-Tetraphenyl-2,3-
dihydroxychlorin osmate ester 2a (1.00 g, 0.97 mmol) was dissolved in CHCl3/10% 
MeOH (200 ml) in a 500 ml round bottom flask equipped with a magnetic stirring bar. 
Gaseous H2S was allowed to flow into the flask for ~5 minutes (bubbling through the 
solution is not necessary, and would required a liquid trap between the H2S gas 
bottle and the reaction flask) (Caution: fume hood!). Once TLC control has indicated 
the consumption of the starting material, the reaction mixture is thoroughly purged 
with air or nitrogen (fume hood!), and evaporated into dryness. The crude product 
was dissolved in CH2Cl2 and the black OsS was removed by filtration through a plug 
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of Celite. The resulting mixture was concentrated and loaded onto a flash column 
chromatography column (silica-100% CH2Cl2 to CH2Cl2/2% MeOH) to obtain diol 
chlorin 3a in, after crystallization by slow solvent exchange on the rotary evaporator 
from CHCl3 to EtOH (or CH2Cl2/MeOH) and air drying, as a purple, microcrystalline 
solid in 80+% yields (0.517 g, 0.80 mmol). For the isolation and identification of the 
side product 11a, see below. 
Bacteriochlorin osmate esters are susceptible to the same procedure and the 
corresponding tetraolbacteriochlorins 4-Z/E are isolated in up to 80% yields. 
meso-Tetraphenyl-2(R),3(S),12(R),13(S)-tetrahydroxybacteriochlorin (4a-Z) 
and meso-Tetraphenyl-2(R),3(S),12(S),13(R)-tetrahydroxybacteriochlorin 
(4a-E). 4a-E/Z were prepared as a mixture from 1a according to the general 
procedures. The isomers were separated by preparative TLC (silica-CH2Cl2/5% 
MeOH, several developments) as the higher (4a-Z) and lower (4a-E) polarity tetraol-
bacteriochlorin isomers. Minimal loadings of the preparative plate lead to better 
separation. 4a-E: MW = 682.8; mp = d > 150°C; Rf 0.71 (silica-CH2Cl2/5% MeOH); 
1H NMR (400 MHz, DMSO-d6): 8.09 (2H, s), 7.93 (2H, br s), 7.65 (6H, br s), 5.95 
(2H, s), 5.05 (2H, br s), -1.75 (1H, s); UV-vis λmax(CH2Cl2)/nm (log ε): 376 (5.40), 528 
(5.01), 708 (4.86); LR-MS (+ FAB, 3-NBA) m/z 682 (19.4, M+), 665 (7.4, M+-OH), 649 
(9.4), 648 (7.5, M+-2OH), 613 (1.5, M+-4OH -H); HR-MS (+ FAB, 3-NBA) m/z 
calculated for C44H34N4O4: 682.25797, found: 682.25518. 4a-Z: MW = 682.8; mp = d 
> 150°C; Rf 0.40 (silica-CH2Cl2/5.0% MeOH); 1H NMR (300 MHz, DMSO-d6); 7.96 
(4H, overlapping s and broad s), 7.86 (2H, br s), 7.6 (6H, br m), 5.87 (2H, d, J 4.9 
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Hz), 4.99 (2H, d, J 4.9 Hz), -1.65 (1H, s); 13C NMR (75 MHz, DMSO-d6): 73.1, 115.6, 
122.9, 127.1, 131.5, 133.9, 136.2, 141.2, 160.1; UV-vis λmax(CH2Cl2)/nm (log ε): 376 
(5.42), 528 (5.08), 708 (4.89); LR-MS (+ FAB, 3-NBA) m/z 682 (100, M+), 665 (31.1, 
M+ - OH), 648 (5.8, M+-2OH), 613 (6.4, M+-4OH -H); HR-MS (+FAB, 3-NBA) m/z 
calculated for C44H34N4O4: 682.25801, found: 682.25470.  
 meso-Tetra(4-isopropylphenyl)-2(R),3(S),12(R),13(S)-tetrahydroxybacterio-
chlorin (4b-Z) and meso-Tetra(4-isopropylphenyl)-2(R),3(S),12(S),13(R)-
tetrahydroxybacteriochlorin (4b-E). 4b-E/Z were prepared as a mixture according 
to the general procedure. The isomers were separated by preparative TLC (silica-
CH2Cl2/5% MeOH) as the higher (4b-Z) and lower (4b-E) polarity bacteriochlorin 
isomers, as described for 4a-E/Z. The osmate esters of 4a-E/Z (crude mixture, not 
further characterized) can also be readily separated (silica-CH2Cl2/5% MeOH), 
followed by the reduction with gaseous H2S and short column chromatography 
(silica, gradient of CH2Cl2/1% MeOH to CH2Cl2/3% MeOH). 4b-E: Rf 0.20 (silica-
CH2Cl2); 1H NMR (400 MHz, CDCl3): 8.41 (2H, s), 8.19 (2H, br s), 8.01 (2H, br s), 
7.55 (4H, br s), 6.21 (2H, s), 3.16-3.23 (4H, m), 1.49 (12H, d, J1,3 6.92 Hz), -1.78 
(1H, s); 13C NMR (100 MHz, CDCl3): 158.1, 148.6, 138.5, 137.6, 133.3, 132.3, 126.2, 
125.8, 123.7, 116.0, 74.3, 34.2, 29.9, 24.4; UV-vis λmax(CH2Cl2)/nm (log ε): 378 
(5.07), 530 (4.42), 707 (4.65); Fluorescence λmax(CH2Cl2)/nm: 712, φ = 0.20; HR-MS 
(ESI+, 100% CH3CN) m/z calculated for C56H59N4O4 (MH+): 851.4536, found: 
851.4485. 
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Figure 2-14. 1H NMR spectrum (400 MHz, CDCl3) of 4b-E  
  
Figure 2-15. 13C NMR spectrum (100 MHz, CDCl3) of 4b-E 
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 4b-Z: Rf 0.40 (silica-CH2Cl2/2% MeOH); 1H NMR (400 MHz, CDCl3): 8.15 (2H, d, 
J1,4 1.9 Hz), 8.03 (2H, d, J1,3 7.2 Hz), 7.82 (2H, d, J1,3 7.5 Hz), 7.58 (2H, d, J1,3 7.5 
Hz), 7.53 (2H, d, J1,3 7.5 Hz), 6.30 (2H, s), 3.19 (2H, h, J1,3 6.9 Hz), 3.14 (2H, s), 1.49 
(12H, d, J1,3 6.9 Hz), -1.70 (1H, s); 13C NMR (100 MHz, CDCl3): 158.5, 148.6, 138.5, 
137.5, 133.7, 131.9, 126.1, 125.9, 123.5, 115.9, 74.2, 34.2, 24.4, 24.4; UV-vis 
λmax(CH2Cl2)/nm (log ε): 379 (5.20), 530 (4.54), 708 (4.80); Fluorescence 
λmax(CH2Cl2)/nm: 712, φ = 0.24; HR-MS (ESI+, 100% CH3CN) m/z calculated for 
C56H59N4O4 (MH+): 851.4536, found: 851.4497.  
 
Figure 2-16. 1H NMR spectrum (400 MHz, CDCl3) of 4b-Z 
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Figure 2-17. 13C NMR spectrum (100 MHz, CDCl3) of 4b-Z 
meso-Tetra(4-tert-butylphenyl)-2(R),3(S),12(R),13(S)-tetrahydroxybacterio-
chlorin (4c-Z). 4c-Z was prepared from 1c according to the general procedures. 
Isolated by column chromatography (silica, gradient of CH2Cl2/1% MeOH to 
CH2Cl2/3% MeOH) as the higher polarity isomer (only traces of the lower polarity 
isomer were found). 4c-Z: Rf 0.45 (silica-CH2Cl2/2% MeOH); 1H NMR (400 MHz, 
CDCl3): 8.15 (2H, s), 8.04 (2H, d, J1,3 6.55 Hz), 7.83 (2H, d, J1,3 6.82 Hz), 7.74 (2H, 
d, J1,3 6.82 Hz), 7.70 (2H, br), 6.31 (2H, s), 3.12 (2H, br s), 1.65 (18H, s), -1.69 (1H, 
s); 13C NMR (100 MHz, CDCl3): 158.4, 151.0, 138.1, 137.5, 133.5, 131.7, 125.0, 
124.7, 123.7, 115.8, 74.3, 35.1, 31.8; UV-vis λmax(CH2Cl2)/nm (log ε): 379 (5.07), 530 
(4.42), 707 (4.65); Fluorescence λmax(CH2Cl2)/nm: 713; HR-MS (ESI+, 100% CH3CN) 
m/z calculated for C60H67N4O4 (MH+): 907.5162, found: 907.5185. 
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Figure 2-18. 1H NMR spectrum (400 MHz, CDCl3) of 7c-Z 
 
Figure 2-19. 13C NMR spectrum (100 MHz, CDCl3) of 7c-Z 
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meso-Tetra(3,4,5-trimethoxyphenyl)-2(R),3(S),12(R),13(S)-tetrahydroxy-
bacteriochlorin (4d-Z) and meso-Tetra(3,4,5-trimethoxy-
phenyl)-2(R),3(S),12(S),13(R)-tetrahydroxybacteriochlorin (4d-E).  
4d-E and 4d-Z were prepared from 1d according to the general procedures and 
isolated by column chromatography (silica-CH2Cl2/4-5% MeOH). 4d-E: Rf 0.24 
(silica-CH2Cl2/3% MeOH); 1H NMR (400 MHz, CDCl3/10% MeOD-d4): 8.32 (2H, d, 
J1,4 1.69 Hz), 7.39 (2H, s), 7.07 (2H, s), 6.21 (2H, s), 4.11 (6H, s), 3.96 (6H, s), 3.91 
(6H, s), -1.90 (1H, s); 1H NMR (400 MHz, DMSO-d6): 8.25 (2H, d, J1,4 1.69 Hz), 7.39 
(2H, s), 7.06 (2H, s), 5.98 (2H, d, J1,4 2.52 Hz), 5.17 (2H, s, exchangeable with D2O), 
-1.89 (1H, s); UV-vis λmax(CH2Cl2)/nm (rel. intensity): 379 (1.00), 529 (0.24), 709 
(0.47); Fluorescence λmax(CH2Cl2)/nm: 713. The 13C NMR spectrum of 4d-E could 
not be acquired due to the instability of the compound; HR-MS (ESI+, 100% CH3CN) 
m/z calculated for C56H59N4O16 (MH+): 1043.3926, found: 1043.4047. 
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Figure 2-20. 1H NMR spectrum (400 MHz, CDCl3) of 4d-E 
 4d-Z: Rf 0.10 (silica-CH2Cl2/3% MeOH); 1H NMR (400 MHz, CDCl3): 8.30 (2H, s), 
7.41 (2H, s), 7.11 (2H, s), 6.33 (2H, s), 4.13(6H, s), 4.00 (6H, s), 3.92 (6H, s), 
3.21(2H, s), -1.78 (1H, s); 13C NMR (100 MHz, CDCl3): 158.5, 152.7, 152.6, 138.1, 
137.4, 136.3, 123.8, 115.8, 111.7, 109.8, 74.5, 61.7, 56.6, 56.6; UV-vis 
λmax(CH2Cl2)/nm (log ε): 379 (5.51), 530 (4.84), 710 (5.16); Fluorescence 
λmax(CH2Cl2)/nm: 712; HR-MS (ESI+, 100% CH3CN) m/z calculated for C56H59N4O16 
(MH+): 1043.3926, found: 1043.3883. 
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Figure 2-21. 1H NMR spectrum (400 MHz, CDCl3) of 4d-Z 
 
Figure 2-22. 13C NMR spectrum (100 MHz, CDCl3) of 4d-Z 
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meso-Tetraphenyl-2-hydroxychlorin (11a). Formed as a minor (>3%) product 
in the in the synthesis of 3a according to the general procedure. Rf 0.28 (silica-
CH2Cl2); δH(400 MHz, CDCl3): 1H NMR (400 MHz, CDCl3): 8.67 (2H, br s, resolves 
into a dd, J 4.5 Hz, upon D2O wash), 8.51 (2H, two overlapping d, J 4.5 Hz), 8.33 
(1H, d, J 4.77 Hz), 8.29 (1H, d, J 4.96 Hz), 8.03-8.25 (8H, m), 7.66-7.82 (12H, m), 
6.47 (1H, m, resolves into a d, J 8.00 Hz, upon D2O wash), 4.46 (1H, dd, J 18.00 and 
7.75 Hz), 4.47 (1H, d, J 18.02 Hz), 2.30 (1H, d, J 3.5 Hz, exchangeable with D2O), -
1.75 (2H, s, exchangeable with D2O); 13C NMR (100 MHz, CDCl3): 164.5, 163.2, 
153.4, 152.6, 142.6, 142.0, 141.4, 140.7, 140.6, 135.8, 135.2, 134.0, 133.6, 132.9, 
132.7, 132.3, 132.3, 132.2, 128.3, 128.2, 128.0, 127.8, 127.7, 127.7, 127.6, 126.7, 
126.7, 124.4, 123.5, 123.4, 122.3, 112.8, 73.5, 44.1; λmax(CH2Cl2)/nm (log ε): 416 
(5.20), 517 (4.11), 543 (4.06), 691 (3.25), 644 (4.37); Fluorescence λmax(CH2Cl2)/nm 
(rel. intensity): 647 (1.00), 712 (0.06); HR-MS (ESI+, 100% CH3CN) m/z calculated 
for C44H33N4O (MH+): 633.2654, found: 633.2674. 
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Figure 2-23. 1H NMR Spectrum (400 MHz, CDCl3) of 11a 
 
Figure 2-24. 13C NMR Spectrum (100 MHz, CDCl3) of 11a 
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e. General procedure for the methylation of diolchlorins and tetraol-
bacteriochlorins.  
meso-Tetraaryl-2,3-cis-dimethoxychlorins 5 and meso-tetraphenyl-2,3-cis-
hydroxymethoxychlorin (6a). meso-Tetraphenyl-2,3-cis-dihydroxychlorin (3a) (200 
mg, 3.08 × 10-1 mmol) was, under N2, dissolved in THF in a 250 ml round bottomed 
flask equipped with a magnetic stirring bar (500.0 ml) and excess (~200 mg) NaH 
(60% emulsion in oil) was added. After stirring 30-45 min at ambient temperature, 
the reaction mixture turned from purple to dark green (time and colour change 
depends on the amount of NaH added). After this time, CH3I (0.25 ml, excess) was 
added by syringe and the reaction mixture was allowed to stir for ~2 hours at 
ambient temperature (Caution: gloves and fume hood!). The completion of the 
reaction was monitored by TLC. After all the starting material was consumed, the 
reaction was quenched by the slow addition of water and the product was extracted 
into CHCl3. The organic phase was evaporated to dryness and the residue was 
purified by column chromatography (silica-CH2Cl2) to provide 5a, after 
recrystallization by slow solvent exchange of CHCl3 to EtOH on the rotary 
evaporator, as purple, crystalline material in 60% yield (120 mg, 1.8 × 10-1 mmol). A 
minor, higher polarity fraction formed, depending on the amount of MeI added and 
the reaction time, in variable amounts, and identified as the monohydroxy-
monomethoxychlorin 6a. 5a: Rf 0.29 (silica-CH2Cl2); 1H NMR (400 MHz, CDCl3): 8.67 
(1H, d, J1,3 4.87 Hz), 8.53 (1H, s), 8.38 (1H, d, J1,3 4.82 Hz), 8.18 (2H, br d, J1,3 7.12 
Hz), 8.12 (1H, d, J1,3 6.54 Hz), 7.88 (1H, d, J1,3 6.75 Hz), 7.65-7.78 (6H, m), 6.07 
(1H, s), 3.03 (3H, s), -1.86 (1H, s); 13C NMR (100 MHz, CDCl3): 160.4, 153.16, 
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142.0, 141.9, 140.6, 135.7, 134.2, 134.0, 132.67, 131.6, 128.0, 127.7, 127.4, 127.2, 
127.1, 126.7, 124.6, 122.7, 114.0, 81.8, 58.4; UV-vis λmax(CH2Cl2)/nm (log ε): 414 
(5.15), 517 (4.08), 544 (4.05), 593 (3.75), 644 (4.27); UV-vis (CH2Cl2/2% TFA 
λmax(CH2Cl2)/nm (log ε): 433 (5.09), 584 (3.97), 639 (4.23); Fluorescence 
λmax(CH2Cl2)/nm (rel. intensity): 647 (1.00), 714 (0.07); MS (CI) m/z 676 (M+), 645 
(M+-OCH3), 629 (M+-OC2H7), 614 (M+-O2C2H6), 601. HR-MS (ESI+, 100% CH3CN) 
m/z calculated for C46H37N4O2 (MH+): 677.2911, found: 677.2903.  
 
Figure 2-25. 1H NMR spectrum (400 MHz, CDCl3) of 5a 
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Figure 2-26. 13 C NMR spectrum (100 MHz, CDCl3) of 5a 
6a: Isolated as side-product as described. Its relative quantity can be increased 
by following the procedure for 5a but using shorter reaction times (less than 1 h) and 
a less than half the stoichiometric excess of MeI. Purified by preparative TLC (silica-
15-25% petroleum ether 30-60/EtOAc). Rf 0.42 (silica-CH2Cl2); 1H NMR (400 MHz, 
CDCl3): 8.68 (2H, d, J1,3 4.76 Hz), 8.53 (2H, s), 8.38 (2H, d, J1,3 4.79 Hz), 8.15-8.24 
(6H, m), 7.95 (1H, br d, J1,3 6.62 Hz), 7.90 (1H, d, J1,3 4.45 Hz), 7.73-7.79 (12H, br 
m), 6.33 (1H, t, J1,3 6.90 Hz), 6.02 (1H, d, J1.3 7.19 Hz), 3.53 (1H, d, J1,3 6.72 Hz), 
3.13 (3H, s), -1.84 (2H, s); 13C NMR (100 MHz, CDCl3): 142.0, 141.9, 141.5, 140.8, 
140.6, 135.7, 134.5, 134.4, 134.2, 134.0, 132.7, 132.2, 131.4, 128.0, 127.7, 127.7, 
127.4, 127.4, 127.3, 127.1, 126.7, 124.6, 124.4, 122.9, 122.8, 114.0, 113.8, 83.1, 
72.2, 60.3; UV-vis λ max(CH2Cl2)/nm (log ε): 414 (5.21), 515 (4.13), 543 (4.12), 591 
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(3.84), 643 (4.33); Fluorescence λmax(CH2Cl2)/nm (rel. intensity): 648 (1.00), 711 
(0.07); HR-MS (ESI+, 100% CH3CN) m/z calculated for C45H35N4O2 (MH+): 663.2760, 
found: 663.2839.  
 
Figure 2-27. 1H NMR spectrum (400 MHz, CDCl3) of 6a 
 
Figure 2-28. 13 C NMR spectrum (100 MHz, CDCl3) of 6a 
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meso-Tetra(3,4,5-trimethoxyphenyl)-2,3-cis-dimethoxychlorin (5d). 
Synthesized from 3d in 40% yields according to the general procedure. 5d: Rf 0.33 
(silica-CH2Cl2/2% MeOH); 1H NMR (400 MHz, CDCl3): 8.80 (1H, d, J1,4 4.80 Hz), 
8.63 (1H, s,), 8.50 (1H, d, J1,4 4.85 Hz) 7.44-7.46 (3H, three overlapping signlets), 
7.39 (1H, s), 7.10 (1H, s), 6.05 (1H, s), 4.18 (3H, s), 4.14 (3H, s), 4.03 (3H, s), 3.94-
3.98 (8H, three overlapping singlets), 3.23 (3H, s) -1.91 (1H, S); 13C NMR (100 MHz, 
CDCl3): 160.6, 153.3, 152.3, 152.1, 151.7, 140.8, 138.1, 137.8, 137.5, 137.4, 135.9, 
132.8, 128.2, 124.9, 122.8, 114.1, 112.5, 112.4, 109.9, 82.5, 61.5, 59.5, 56.7, 56.6, 
56.5 ; UV-vis λmax(CH2Cl2)/nm (log ε): 419 (5.29), 518 (4.16), 546 (4.12), 593 (3.83), 
646 (4.37); Fluorescence λmax(CH2Cl2)/nm (rel. intensity): 649 (1.00), 713 (0.06); HR-
MS (ESI+, 100% CH3CN) m/z calculated for C58H61N4O14 (MH+): 1037.4184, 
found:1037.4271. 
 
Figure 2-29. 1H NMR spectrum (400 MHz, CDCl3) of 5d 
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Figure 2-30. 13C NMR (100 MHz, CDCl3) spectrum of 5d 
meso-Tetraphenyl-2(R),3(S),12(R),13(S)-tetramethoxybacteriochlorin (7a-Z). 
The crude mixture containing 4a-E and 4a-Z was reacted with excess MeI according 
to the general procedure described to 5a to obtain 7a-Z in 40-50% yields (5.2 mg, 
7.04 × 10-3 mmol). 7a-Z was also synthesised, using the same procedure, form 8a-Z 
in 50% yields. The formation of 7a-E was not observed. 7a-Z: Rf 0.63 (silica-
CH2Cl2/2% MeOH); 1H NMR (400 MHz, CDCl3): 8.12 (2H, d, J1,4 1.86 Hz), 8.10 (2H, 
br s), 7.82 (2H, br d, J1,3 6.8 Hz), 7.71 (2H, br t, 6.4 Hz) 7.63-7.66 (4H, m), 5.94 (2H, 
s), 2.99 (6H, s), -1.80 (1H, s); 13C NMR (100 MHz, CDCl3): 157.4, 142.0, 137.1, 
134.2, 131.3, 127.5, 127.3, 123.8, 116.4, 81.8, 58.4; UV-vis λmax(CH2Cl2)/nm (log ε): 
379 (5.14), 527 (4.50), 704 (4.71); Fluorescence λmax(CH2Cl2)/nm: 710; HR-MS 
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(ESI+, 100% CH3CN) m/z calculated for C48H43N4O4 (MH+): 739.3284, found: 
739.3236. 
 
Figure 2-31. 1H NMR spectrum (400 MHz, CDCl3) of 7a-Z 
  
Figure 2-32. 13C NMR spectrum (100 MHz, CDCl3) of 7a-Z 
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meso-Tetra(4-isopropylphenyl)-2(R),3(S),12(S),13(R)-tetramethoxybacterio-
chlorin (7b-E) and meso-Tetra-(4isopropylphenyl)-2(R),3(S),12(R),13(S)-tetra-
methoxybacteriochlorin (7b-Z). The tetramethoxyderivatives 7b-E/Z were 
synthesized from the tetraols 4b-E/Z in 40-50% yields according to the general 
procedure described for 5a. 7b-E: Rf 0.43 (silica-CH2Cl2); 1H NMR (400 MHz, CDCl3): 
8.22 (2H, d, J1,4 1.82 Hz), 7.97 (2H, br s), 7.69 (2H, br s), 7.51 (4H, s), 5.80 (2H, s), 
3.12-3.22 (2H, h, J1,3 6.92 Hz), 2.97 (6H, s), 1.47 and1.46 (12H, two overlapping 
doublets, J1,3 7 Hz), -1.91 (1H, s); 13C NMR (100 MHz, CDCl3): 156.8, 147.8, 139.5, 
137.4, 133.6, 131.5, 125.1, 123.7, 116.5, 58.3, 34.3, 24.5, 24.5; UV-vis 
λmax(CH2Cl2)/nm (log ε): 380 (5.08), 528 (4.43), 703 (4.63); Fluorescence 
λmax(CH2Cl2)/nm: 711, φ = 0.21; HR-MS (ESI+, 100% CH3CN) m/z calculated for 
C60H67N4O4 (MH+): 907.5162, found: 907.5187. 
 
Figure 2-33. 1H NMR spectrum (400 MHz, CDCl3) of 7b-E 
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Figure 2-34. 13C NMR spectrum (100 MHz, CDCl3) of 7b-E 
 7b-Z: Rf 0.78 (silica-CH2Cl2/2% MeOH); 1H NMR (400 MHz, CDCl3): 8.15 (2H, d, 
J1,4 1.80 Hz), 8.01 (2H, d, J1,3 7.46 Hz), 7.74 (2H, d, J1,3 7.58 Hz), 7.57 (2H, d, J1,3 
7.46 Hz), 7.46 (2H, d, J1,3 7.74 Hz), 5.93 (2H, s), 3.18 (2H, h, J1,3 6.8 Hz), 2.96 (6H, 
s), 1.48 and 1.47 (12H, two overlapping doublets, J1,3 6.9 Hz), -1.78 (1H, s); 13C 
NMR (100 MHz, CDCl3): 157.1, 147.9, 139.4, 137.2, 134.1, 131.2, 125.4, 125.1, 
123.8, 116.3, 81.8, 58.3, 34.3, 24.5; UV-vis λmax(CH2Cl2)/nm (log ε): 381 (5.45), 531 
(4.78), 705 (5.01); Fluorescence λmax(CH2Cl2)/nm: 712; φ = 0.22; HR-MS (ESI+, 
100% CH3CN) m/z calculated for C60H67N4O4 (MH+): 907.5162, found: 907.5085.  
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Figure 2-35. 1H NMR spectrum (400 MHz, CDCl3) of 7b-Z 
 
Figure 2-36. 13 C NMR spectrum (100 MHz, CDCl3) of 7b-Z 
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meso-Tetra(4-tert-butylphenyl)-2(R),3(S),12(R),13(S)-tetramethoxy-
bacteriochlorin (7c-Z). Synthesized from 4c-Z according to the procedure, in 40-
50% yields (4.1 mg). 7c-Z: Rf 0.74 (silica-CH2Cl2/2% MeOH); 1H NMR (400 MHz, 
CDCl3): 8.14 (2H, d, J1,4 1.76 Hz), 8.02 (2H, br d, J1,3 7.79 Hz) 7.73 (4H, two 
overlapped doublets, J1,3 7.79 Hz), 7.63 (2H, br d, J1,3 7.79 Hz), 5.92 (2H, s), 2.94 
(2H, s), 1.54 (18H, s), -1.76 (1H, s); 13C NMR (100 MHz, CDCl3): 157.0, 150.2, 
139.0, 137.2, 133.9, 130.9, 124.2, 124.0, 123.8, 116.2, 81.9, 58.2, 35.0, 31.8; UV-vis 
λmax(CH2Cl2)/nm (log ε): 381 (5.40), 530 (4.73), 704 (4.96); Fluorescence 
λmax(CH2Cl2)/nm: 708; HR-MS (ESI+, 100% CH3CN) m/z calculated for C64H75N4O4 
(MH+): 963.5788, found: 963.5718. 
 
Figure 2-37. 1H NMR spectrum (400 MHz, CDCl3) of 7c-Z 
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Figure 2-38. 13C NMR spectrum (100 MHz, CDCl3) of 7c-Z 
meso-Tetra(3,4,5-trimethoxyphenyl)-2(R),3(S),12(S),13(R)-
tetramethoxybacteriochlorin (7d-E) and meso-Tetra(3,4,5trimethoxy-
phenyl)-2(R),3(S),12(R),13(S)-tetramethoxybacteriochlorin (7d-Z). 7d-E/Z were 
synthesized form 4d-E/Z according to the general procedure in 50-65% yields. 7d-E: 
Rf 0.34 (silica-CH2Cl2/3% MeOH); 1H NMR (400 MHz, CDCl3): 8.34 (2H, d, J1,4 1.93 
Hz), 7.37 (2H, s), 7.02 (2H, s), 5.82 (2H, s), 4.11 (6H, s), 3.98 (6H, s), 3.91 (6H, s), 
3.20 (6H, s), -2.05 (1H, s); 13C NMR (100 MHz, CDCl3): 157.0, 152.2, 152.0, 137.6, 
137.5, 137.4, 124.0, 116.4, 112.0, 109.6, 82.3, 61.4, 59.5, 56.6, 56.5; UV-vis 
λmax(CH2Cl2)/nm (log ε): 380 (4.93), 527 (4.30), 705 (4.55); Fluorescence 
λmax(CH2Cl2)/nm: 712, φ = 0.19; HR-MS (ESI+, 100% CH3CN) m/z calculated for 
C60H67N4O16 (MH+): 1099.4552, found: 1099.4480. 
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Figure 2-39. 1H NMR spectrum (400 MHz, CDCl3) of 7d-E 
 
Figure 2-40. 13C NMR spectrum (100 MHz, CDCl3) of 7d-E 
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 7d-Z: Rf 0.28 (silica-CH2Cl2/3% MeOH); 1H NMR (400 MHz, CDCl3): 8.26 (2H, d, 
J1,4 1.55 Hz), 7.39 (2H, d, J1,4 1.35 Hz), 7.05 (2H, d, J1,4 1.36 Hz), 5.94 (2H, s), 
4.11(6H, s), 4.00 (6H, s), 3.92 (6H, s), 3.16 (6H, s), -1.90 (1H, s); 13C NMR (100 
MHz, CDCl3): 157.3, 152.3, 152.0, 137.7, 137.3, 137.1, 123.9, 116.2, 112.2, 109.3, 
82.3, 61.6, 59.3, 56.6, 56.6; UV-vis λmax(CH2Cl2)/nm (log ε): 381 (5.18), 528 (4.54), 
706 (4.83); Fluorescence λmax(CH2Cl2)/nm: 712, φ = 0.20; HR-MS (ESI+, 100% 
CH3CN) m/z calculated for C60H67N4O16 (MH+): 1099.4552, found: 1099.4513.  
 
Figure 2-41. 1H NMR spectrum (400 MHz, CDCl3) of 7d-Z 
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Figure 2-42. 13C NMR spectrum (100 MHz, CDCl3) of 7d-Z 
meso-Tetraphenyl-2(R),3(S)-dihydroxy-12(S),13(R)-dimethoxybacterio-
chlorin (8a-E) and meso-Tetraphenyl-2(R),3(S)-dihydroxy-12(R),13(S)-di-
methoxybacteriochlorin (8a-Z). 8a-E (5 mg, 7.0 × 10-3 mmol) and 8a-Z (20 mg, 2.8 
× 10-2 mmol) were synthesized from 5a according to the general procedures and 
isolated by preparative TLC (silica-CH2Cl2/2% MeOH) in 40% combined yields with 
1:4 ratio of E and Z isomers. 8a-E: Rf 0.73 (silica-CH2Cl2/2% MeOH); 1H NMR (400 
MHz, CDCl3) 8.20 (2H, br d, J1,4 2 Hz), 8.08 (2H, br s), 7.89 (1H, br s), 7.80 (1H, br 
s), 7.69 and 7.64 (6H, two overlapped singlets), 6.18 (1H, s), 5.84 (1H, s), 3.10 (1H, 
br s), 3.00 (3H, s), -1.85 (1H, s); 13C NMR (100 MHz, CDCl3): 158.0, 157.0, 142.0, 
141.4, 137.5, 137.3, 133.8, 133.5, 131.5, 128.0, 127.6, 127.4, 127.3, 127.2, 124.0, 
123.5, 177.0, 115.7, 81.7, 74.2, 58.5; UV-vis λmax(CH2Cl2)/nm (log ε): 378 (5.29), 526 
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(4.67), 705 (4.87); Fluorescence λmax(CH2Cl2)/nm: 709; HR-MS (ESI+, 100% CH3CN) 
m/z calculated for C46H39N4O4 (MH+): 711.2971, found: 711.2957. 
 
Figure 2-43. 1H NMR spectrum (400 MHz, CDCl3) of 8a-E 
 
Figure 2-44. 13C NMR spectrum (100 MHz, CDCl3) of 8a-E 
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 8a-Z: Rf 0.42 (silica-CH2Cl2/2% MeOH); 1H NMR (400 MHz, CDCl3): 8.10-8.17 
(4H, overlapped two dd and d), 7.91 (1H, br d, J1,3 6.18 Hz), 7.83 (1H, br d, J1,3 6.61 
Hz), 7.63–7.74 (6H, m), 6.29 (1H, s), 5.95 (1H, s), 2.99 (4H, overlapped br s and s), 
-1.75 (1H, s); 13C NMR (100 MHz, CDCl3): 158.4, 157.3, 141.9, 141.3, 137.4, 137.2, 
134.2, 134.0, 132.0, 131.3, 128.0, 127.7, 127.6, 127.3, 124.0, 123.6, 116.9, 115.6, 
81.7, 74.1, 58.4; UV-vis λmax(CH2Cl2)/nm (log ε): 378 (5.29), 527 (4.65), 705 (4.89); 
Fluorescence λmax(CH2Cl2)/nm: 712; HR-MS (ESI+, 100% CH3CN) m/z calculated for 
C46H39N4O4 (MH+):711.2971, found: 711.3024.  
 
Figure 2-45. 1H NMR spectrum (400 MHz, CDCl3) of 8a-Z 
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Figure 2-46. 13C NMR spectrum (100 MHz, CDCl3) of 8a-Z 
meso-Tetraphenyl-2,3-vic-dihydroxybacteriochlorin (9a) and meso-
Tetra(3,4,5-trimethoxyphenyl)-2,3-vic-dimethoxybacteriochlorin (10d). meso-
Tetraphenylchlorin (20 mg, 3.1 × 10-2 mmol) 2a was dissolved in a suspension of 
anhydrous K2CO3 (40 mg) in dry pyridine (10 ml) in a 50 ml round bottom flask 
equipped with a magnetic stirring bar. The mixture was refluxed, under N2, at 105ºC. 
p-Toluenesulfonylhydrazide (30 mg) was added in two portions to the mixture and 
refluxing was continued for 6-8 hours (TLC control). The mixture was cooled, filtered, 
the filtrate was evaporated to dryness and the residue was separated on a 
preparative TLC (silica-CH2Cl2/1.5% MeOH) plate. The pink band of 9a separating 
form the brown band was isolated after recrystallisation form CH2Cl2/CCl4 in 12% 
yield. 10d was prepared from 5d according to the same procedure and isolated by 
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preparative-TLC (silica-CH2Cl2/2% MeOH). 9a: Rf 0.17 (silica-CH2Cl2); 1H NMR (400 
MHz, CDCl3): 8.08-8.11 (2H, overlapping dd and s), 8.02 (1H, dd, J 4.7 and 1.9 Hz), 
7.90 (1H, br s), 7.84 (2H, br t, J 6.7 Hz), 7.65-7.71 (6H, m), 6.21 (1H, s), 3.96-4.11 
(2H, m), 3.00 (1H, br s), -1.53 (1H, s); 13C NMR (100 MHz, CDCl3): 163.4, 157.4, 
143.2, 141.5, 137.4, 136.8, 133.7, 132.4, 132.1, 131.9, 128.1, 128.1, 128.0, 128.0, 
127.6, 123.4, 122.5, 115.6, 115.2, 74.1, 35.4; UV-vis λmax(CH2Cl2)/nm (log ε): 378 
(4.96), 524 (4.49), 724 (4.71); Fluorescence λmax(CH2Cl2)/nm: 726; LR-MS (+FAB, 
3NBA) m/z 650 (100, M+), 633 (19.2, M+-OH); HR-MS (+FAB, 3-NBA) m/z calculated 
for C44H34N4O2: 650.26818, found 650.27118. 
 
Figure 2-47. 1H NMR Spectrum (400 MHz, CDCl3) of 9a 
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Figure 2-48. 13C NMR spectrum (100 MHz, CDCl3) of 9a 
10d: Rf 0.2 (silica-CH2Cl2/2% MeOH); 1H NMR (400 MHz, CDCl3): 8.25, 8.16 (1H, 
d, J 4.12 Hz), 7.37 (1H, s), 7.04 and 7.06 (3H, two overlapped s), 5.85 (1H, s), 3.8-
4.3 (21H, m), 3.17 (3H, s), -1.68 (1H, s): UV-vis λmax(CH2Cl2)/nm (rel. intensity): 380 
(1.00), 524 (0.3), 724 (0.65); Fluorescence λmax(CH2Cl2)/nm: 726; HR-MS (ESI+, 
100% CH3CN) m/z calculated for C58H62N4O14 (MH+): 1038.4263, found: 1038.4287 
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Figure 2-49. 1H NMR spectrum (400 MHz, CDCl3) of 10d 
General procedure for the acid-induced dehydration/demethoxylation of 
2,3,12,13-tetraol/tetramethoxybacteriochlorins 
meso-Tetra(3,4,5-trimethoxyphenyl)-2,3,12-trimethoxychlorin (15d). 
Bacteriochlorin 7d-Z (4.0 mg, 3.6 × 10-3 mmol) was dissolved in CH2Cl2 (50 ml) in a 
100 ml round bottom flask equipped with a magnetic stirring bar. To this solution was 
added 10% TFA/CH2Cl2 (1.00 ml, using a glass pipette) and the reaction mixture was 
stoppered and covered from ambient light (aluminium foil) and stirred for 1.5 h at 
ambient conditions. The progress of the transformation was monitored by UV-vis 
spectroscopy. After the reaction was completed, the mixture was neutralised by the 
slow addition of NH4OH (1.0 ml of an aqueous 2.8-3.0 wt% solution). The product 
was extracted into CH2Cl2 (>90% yield). 15d: Rf 0.24 (silica-CH2Cl2/2% MeOH); 1H 
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NMR (400 MHz, CDCl3): 8.69 (1H, d, J 5.29 Hz), 8.65 (1H, d, J 5.09 Hz), 8.48 (1H, 
d, J 4.43 Hz), 8.42 (1H, d, J 4.78 Hz), 7.59 (1H, s), 7.37-7.46 (4H, m), 7.26 (1H, s), 
7.19 (1H, s), 7.10 (1H, s), 7.07 (1H, s), 6.03 (2H, two overlapping d, J 7.17 Hz), 
3.90–4.18 (39H, m), 3.20 and 3.22 (6H, two overlapping s), -2.11 (1H, br s), -2.25 
(1H, br s); λmax(CH2Cl2)/nm (rel. intensity): 410 (1.00), 510 (0.09), 540 (0.10), 603 
(0.04), 658 (0.18); Fluorescence λmax(CH2Cl2)/nm: 663; HR-MS (ESI+, 100% CH3CN) 
m/z calculated for C59H63N4O15 (MH+): 1067.4290, found: 1067.4263. 
meso-Tetra(4-isopropylphenyl)-2,3,12-trihydroxychlorin (12b). Synthesized 
from 4b-Z according to the procedure described for 14d. 12b: Rf 0.51 (silica-
CH2Cl2/2% MeOH) UV-vis λmax(CH2Cl2)/nm (rel. intensity): 413 (1.00), 515 (0.11), 
543 (0.12), 599 (0.04), 654 (0.10), 690 (0.11); Fluorescence λmax(CH2Cl2)/nm (rel. 
intensinty): 658 (1.00) 696 (0.39); HR-MS (ESI+, 100% CH3CN) m/z calculated for 
C56H57N4O3 (MH+): 833.4431, found: 833.4462.  
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Figure 2-50. UV-Vis (solid red trace) and fluorescence (dotted-black trace) spectra 
(CH2Cl2) of 12b 
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meso-Tetraphenyl-2,3-vic-dihydroxy-12-methoxychlorin (13a). Synthesised 
from 8a-Z according to the procedure described for 15d. 13a: UV-vis 
λmax(CH2Cl2)/nm (rel. intensity): 408 (1.00), 512 (0.09), 540 (0.10), 603 (0.03), 658 
(0.16), 692 (0.06); Fluorescence λmax(CH2Cl2)/nm: 662; HR-MS (ESI+, 100% CH3CN) 
m/z calculated for C45H35N4O3 (MH+): 679.2709, found: 679.2683. 
bis-(meso-Tetraphenyl-2,3-dihydroxychlorin) osmate ester 16a: The bis-
chlorin osmate ester 16a was isolated by column chromatography (silica-CH2Cl2) in 
small quantities as a side product of the general osmylation of meso-tetraphenyl-
porphyrin 1a. 16: Rf 0.81 (silica-CH2Cl2), 1H NMR (400 MHz, CDCl3, δ): 8.54 (d, J = 
4.7 Hz, 4H), 8.37 (s, 4H) 8.23 (4, J = 4.8 Hz, 4H), 8.04 (d, J = 6.6 Hz, 8H), 7.96 (d, J 
= 7.5 Hz, 4H), 7.87-7.81 (m, 12H), 7.70-7.61 (m, 26H), 7.44 (s, 4H), -2.12 (s, 4H) 
ppm; 13C NMR (100 MHz, CDCl3, δ): 159.0, 153.3, 141.7, 140.7, 140.6, 135.7, 134.6, 
134.0, 133.8, 132.7, 131.9, 128.0, 127.9, 127.9, 127.7, 127.1, 126.6, 124.8, 123.0, 
113.9, 98.7 ppm; UV-vis (CH2Cl2) λmax, nm (log ε): 404 (5.29), 419 (5.31), 521 (4.54), 
545 (4.29), 596 (4.04), 647 (4.42) 
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Figure 2-51. UV-vis spectra (CH2Cl2) of 16a 
 
Figure 2-52. 1H NMR spectrum (400 MHz, CDCl3) of 16a 
 2. Tetrahydroxybacteriochlorins 
 123 
 
Figure 2-53. 13C NMR spectrum (100 MHz, CDCl3) of 16a 
2.3.3. Crystal Structure Determinations 
 Single crystals of 4b-E (CH2Cl2/MeOH), 4d-Z (CHCl3/petroleum ether 30-60), 5a 
(CHCl3/MeOH), 7d-E (CH2Cl2/petroleum ether), and 11a (CHCl3/MeOH) were grown 
by vapor phase diffusion of a non-solute into dilute solutions of the compounds in a 
solvent using the solvent combinations indicated in parentheses (solvent/non-
solvent). The crystals were mounted in inert oil on a glass fiber and transferred to the 
cold gas stream of the diffractometer. X-ray crystallographic data are listed in Table 
2-3. 
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Table 2-3. Crystal Data of m
eso-Tetraarylbacteriochlrin Derivatives 
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3. Syntheses, Structures, and Photophysical Properties of 
Morpholinobacteriochlorins 
Using a number of porphyrin modification strategies, chlorin- and porphyrin-
analogs containing non-pyrrolic moieties were prepared by us,1-6 and others.7-10 
However, practically nothing is known about the preparation of comparable bacterio-
chlorin analogs. In cases in which the expansion of two opposite pyrrole moieties 
within a tetrapyrrolic chromophore was accomplished, all macrocycle carbons were 
sp2-hydridized.8,11,12 Consequently, the chromophores did not possess bacterio-
chlorin-like optical spectra. 
Thus, the fundamental question arises: Can the synthetic principles established 
to generate meso-tetraphenylchlorin analogs be applied to also form bacteriochlorin 
analogs? This contribution answers this question in the affirmative. We will present 
the synthesis of mono- and bis-morpholinobacteriochlorins of unprecedented non-
planarity, intriguing stereostructure, and which are characterized by extremely red-
shifted and broadened bacteriochlorin-like optical spectra. 
3.1. Results and Discussion  
3.1.1.  Monomorpholinobacteriochlorins and Bismorpholinobacteriochlorins 
Initial experiments toward the one-step conversion of both dihydroxypyrrolidines 
of bacteriochlorins 5 were unsuccessfull. We therefore decided to protect one diol 
functionality of 5 to generate 1 by the osmylation of corresponding dimethoxychlorin 
(cf. Chapter 2). Thus, dimethoxydihydroxybacteriochlorin 1 was subjected to the 
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mildest oxidation conditions (NaIO4, heterogenized on silica gel, CHCl3, in the 
presence of an alcohol, ambient temperature) that is known to, in one pot, cleave the 
diol to generate a secochlorin bisaldehyde, ring-close this intermediate bisaldehyde 
to form a morpholine moiety, and generating a double acetal.13 This reaction led to a 
single product in satisfying yields that could be, based on the diagnostic NMR 
signals for the morpholino moiety,13 characterized as morpholinobacteriochlorin 2 
(Scheme 3-1).14 The reaction was carried out for two different meso-aryl derivatives 
of 1, such as meso-tetraphenyl (1a) and meso-tetra(p-trifluoromehtyl)phenyl (1b). 
However, initial experiments toward the synthesis of the 12,13-diethoxy substituted 
morpholinobacteriochlorin 2c (using EtOH as the nucleophile) turned out to be 
challenging. Although, a complete conversion of the starting bacteriochlorin diol 1a to 
the desired 2c was observed, by TLC and UV-visible spectroscopy, the product 2c 
decomposed during the work up and chromatographic separation (using preparative 
TLC) leading to poor isolated yields. However, the use of MeOH as the nucleophile 
solved this issue by dramatically improving the stability of the resulting morpholino-
bacteriochlorins, thus, the 12,13-dimethoxy substituted morpholinobacteriochlorins 
2a and 2b were prepared in good yields, indicating a higher sensitivity of 2c (R = 
OEt) toward the acidity of the silica gel than 2a (R = OMe) and 2b (R = OMe) (see 
Scheme 3-1 and Section 3.1.2. for acid induced ring fusions of 2c).  
The 1H NMR spectra of the monomorpholinobacteriochlorins 2a-c show 
characteristics of asymmetric molecules, with four different singlets for the four 
methoxy gourps of 2a and 2b, and separate signals for the two OCH3 groups and 
two CH3 groups of 2c. Particularly, separate multiplets were observed for the four 
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methylene hydrogens of the two OEt groups of 2c. This is due to the loss of two-fold 
rotational symmetry of monomorpholinobacteriochlorins 2 by the presence of a two 
vic-dimethoxy groups on the opposite pyrrole to the morpholino moiety (see Chapter 
4.1.4. for a detailed description of this phenomenon). X-ray diffractometry provided 
the ultimate proof for the bismorpholinobacteriochlorin connectivity of 2 (Figure 3-1). 
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Scheme 3-1. Syntheses of monomorpholinobacteriochlorins 2 and their reactivity 
toward acid. 
Once we gathered experience with the formation of monomorpholinobacterio-
chlorins, we realized that, for instance, the methanol-derived morpholinobacterio-
chlorins possessed greater chemical stability compared to their ethanol-derived 
congeners, we treated tetraolbacteriochlorin 5a under the mild oxidation conditions 
described above and in the presence of methanol (Scheme 3-2). The major product 
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formed possessed dramatically simplified 1H and 13C NMR spectra (only one signal 
in the β-region, dd at δ = 7.78 ppm, 3J = 4.0 and 4J = 2.0 Hz, one phenyl group, one 
H/sp3-carbon assigned to the morpholino moiety, at δ = 6.14 and 95.8 ppm, 
respectively, and one methoxy group, at δ = 3.13 and 55.2 ppm, respectively) that 
reflect the high symmetry of 6. X-ray diffractometry provided the ultimate proof for the 
bismorpholinobacteriochlorin connectivity of 7 (Figure 3-5, Figure 3-6). 
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Scheme 3-2. Syntheses of bismorpholinobacteriochlorins 
3.1.2. Acid Induced β-to-o-Ph Fusion of Morpholinobacteriochlorins 
Acid treatment of morpholinochlorins leads to the establishment of an intra-
molecular β-to-o-Ph linkage.15,16 This reaction is also applicable to morpholino-
bacteriochlorin 2. The treatment of 2c with acid forms mono-fused bacteriochlorin 3, 
as an isomeric mixture of two products, 3-I and 3-II, with identical UV-vis properties, 
which can be separated by preparative TLC. Depending on the side of the ring 
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fusion, the OEt group of the ring-fused product can either be on the same side with 
the two cis vic-dimethoxy groups or on the opposite side. This renders the two 
isomers different polarities with higher polarity isomer being the major product. 1H 
NMR spectra of the two isomers are nearly identical. The observed integration for 
only one OEt group plus the sharpening of the signals corresponding to the fused 
phenyl ring indicate only one β-to-o-Ph linkage. Solid state structure of the higher 
polarity isomer confirmed its molecular structure as the one with the OEt group is on 
the same side with the cis-vic-dimethoxy groups, 5-I (Figure 3-2). Prolonged 
exposure of 3-I/II toward the acid caused demethanolation of the dimethoxypyrroline 
opposite to the ring-fused morpholino moiety of 5, leading to a regioisomeric mixture 
of 4, according 1H NMR spectroscopy.  
The treatment of 6 with traces of TFA vapors generates a new compound. The 
HR-MS of this compound, 7, indicates a composition derived from 6 that has 
undergone the loss of two MeOH groups (C46H35N4O4 for MH+). The 1H and 13C NMR 
spectra of 7 show the formation of a two-fold symmetric molecule (for 7a; two dd 
assigned to β-H at 9.13 ppm and 7.96 ppm, both with 3J = 4.8 and 4J = 1.8 Hz) 
containing one type of β-to-o-Ph-linkage. Resting on the observed spectroscopic 
effects of the introduction of the β-to-o-Ph-linkage in 2, we conclude that compounds 
7a-b posses bis-fused bismorpholinochlorin structures (Scheme 3-2). The absence 
of detectable diastereomers and the NMR-symmetry of the molecule, allow us to 
predict that 7 is the result of a uni-directional β-to-o-Ph-fusion reaction, but the 
relative stereostructure of the linkage and the methoxy group on each morpholino 
moiety remains to be determined. While a trans-arrangement such as in morpholino-
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bacteriochlorin 3 (and an analogs morpholinochlorin) is likely, the extreme twist of 6 
may also make a cis-arrangement possible.16  
3.1.3. Optical Properties and X-ray Crystallography of Morpholinobacterio-
chlorins 
The UV-vis properties of the morpholinobacteriochlorins are typical bacterio-
chlorin-like. They maintain the characteristic three band spectra with a strong Soret 
absorption around ~380-400 nm and a long wavelength absorption above 700 nm. 
For instance, the UV-vis spectrum of 2 is bacteriochlorin-like but more than 40 nm 
red-shifted (for λmax) and significantly broadened compared to the spectrum of the 
starting material 1 (Figure 3-3).17 The solid state conformation provides a possible 
explanation for the shift of the optical properties (Figure 3-1).18 In stark contrast to 
the near-planar conformations of dimethoxychlorin,19 morpholinochlorin (see Chapter 
1.),13,16 or the tetramethoxybacteriochlorin (see Chpater 1.),19 the conformation of 
morpholinobacteriochlorin 2b is severely ruffled (Figure 3-1).20 Evidently, the 
bacteriochlorin chromophore is significantly more flexible compared to the chlorin 
chromophores and thus responds much more to the strain introduced by the 
insertion of the oxygen atom between the two sp3-hybridized β-carbons of the 
bacteriochlorin pyrrolines.21 
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Figure 3-1. Capped stick models of the molecular structures of 2b: top (left) and side 
(right) views; meso-aryl groups and hydrogen atoms attached to sp2 are omitted for 
clarity.  
 
Figure 3-2. Capped stick models of the molecular structures of 3-I: top (left) and side 
(right) views; meso-aryl groups and hydrogen atoms attached to sp2 are omitted for 
clarity.  
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Figure 3-3. Comparision between the UV-vis spectra of monomorpholino-
bacteriochlorins 2b, 3-I and their starting material 1a  
Similarly, the UV-vis spectrum of 6 is, no doubt a result of its strongly twisted 
conformation, 85 nm (for λmax) red-shifted compared to the parent tetrahydroxy-
bacteriochlorin 5 (Figure 3-4). The conformations of bismorpholinobacteriochlorin 6a 
and 6b are extremely non-planar, with the twist inherent to both morpholino-groups 
acting in concert to introduce a large degree of ruffling into the chromophores (Figure 
3-5 and Figure 3-6). Irrespective of the presence of five stereocenters in these 
molecules (four sp3-carbons at the morpholines and the helicity of the molecule), no 
indications for the presence of diastereomers are observed. Thus, the coupling of the 
stereocenters to the helicity of the macrocycle, as observed for the morpholino-
chlorins, is also preserved in the morpholinobacteriochlorins.16 Likewise, this 
compounds crystallizes as a racemic mixture.  
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Figure 3-4. Comparison between the UV-vis spectra of bismorpholino-
bacteriochlorins 6a (red trace), 7a (green trace) and the parent bacteriochlorin 5a 
(blue trace) 
 
Figure 3-5. Capped stick models of the molecular structures of 6a: top (left) and side 
(right) views; meso-aryl groups and hydrogen atoms attached to sp2 are omitted for 
clarity. 
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Figure 3-6. Capped stick models of the molecular structures of 6b: top (left) and side 
(right) views; meso-aryl groups and hydrogen atoms attached to sp2 are omitted for 
clarity.  
As a result of the non-planar conformation and conformational flexibility of 6a, its 
ΦFl collapses to under 1%, with a very short τFl of 0.32 ns (Table 3-1).22 The inter-
system crossing quantum yield ΦISC is high, 87%, but with a very short singlet state 
life time of 0.45 ns.  
The β-to-o-Ph ring fusion morpholinobateriochlorins significantly change their 
UV-vis properties. In most systems that incorporate such linkages, the optical 
spectra of the resulting chromophore are red-shifted compared to the parent 
chromophore.23-25 This is rationalized by the extended π-conjugation of the 
porphyrinic chromophore that includes the idealized co-planar meso-aryl group(s). 
Contrary to this prediction, the UV-vis spectra of 3-I/3-II are 32 nm blue-shifted 
compared to the parent bacteriochlorins 2 (but still red-shifted compared to the 
regular bacteriochlorins 1 (Figure 3-3). Also, the spectrum of 3 is much less 
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broadened than that of 2, inferring an increased conformational rigidity. The crystal 
structure shows that the fusion of the meso-phenyl group to the morpholine moiety 
leads to a partial planarization of the chromophore and the introduction of non-ruffled 
conformational modes (some doming and saddling can be made out) (Figure 3-2).26 
Since the electronic substituent effects operating in 2c and 3 are estimated to be 
nearly identical, we conclude that the observed modulations of the bacteriochlorin-
type spectra of 2c and 3 are dominated by conformational effects.27 
The bacteriochlorin-like UV-vis spectrum of 7 is significantly sharpened and 
hypsochromically shifted compared to that of the starting material 6, but still 30 nm 
(λmax) red-shifted compared to the spectrum of benchmark tetraolbacteriochlorins 
derivatives 1 or 5. This follows the pattern observed in spectrum of monomorpholino-
bacteriochlorin 2 after the phenyl fusion, indicating a relatively rigidified and 
comparatively less ruffled structure to its starting material bismorpholinobacterio-
chlorin 6. The introduction of two β-to-o-linkages rigidifies the (projected non-planar) 
chromophore, thus ΦFl increases to 0.08 with a lengthened τFl of 3.90 ns (Table 1).22 
The associated ΦISC is 0.54, with a τS1 of 3.99 ns. 
 3. Morpholinobacteriochlorins 
 142 
Table 3-1. Photophysical data of novel bacteriochlorins 
Parameter Z-TPBC(OMe)4 2a 3 6 7 
ΦFl (±0.03) 0.17 0.03 0.08 < 0.01 0.18 
τFl (±0.02)/ns 5.13 3.73 3.90 0.32 3.45 
ΦISC (±3%) 0.45 0.85 0.54 0.87 0.38 
τS1 (±10%)/ns 5.40 3.77 3.99 0.45 4.07 
 
Other photophysical parameter underline this interpretation.22 For instance, 
benchmark Z-tetramethoxybacteriochlorin Z-TPBC(OMe)4 (not shown in this chapter, 
see Chapter 2) possesses a fluorescence yield ΦFl of 17% and a fluorescence life 
time τFl of 5.13 ns (Table 4-1). The corresponding intersystem crossing quantum 
yield ΦISC is 45%, with a singlet state life time τS1 of 5.40 ns. Upon establishment of 
the β-to-o-linkage in 3, rigidifying (but not planarizing) the chromophore, the ΦFl 
recovers to 8% with a τFl of 3.90 ns. The corresponding ΦISC is 54%, with a τS1 of 
3.99 ns.  
3.1.4. Synthesis of meso-Tetraphenyl-12,13-dimethoxychlorolactone 
meso-tetraphenylporpholactone 9 (Scheme 3-4, Section 3.1.5) is a ubiquitous 
synthetic porphyrinoid, that can be synthesized from the the diol chlorins or the 
corresponding diol chlorin osmate ester.28 The synthesis is usually performed by 
oxidation of the diol chlorin/diol chlorin osmate ester with permangenate-based 
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oxidant (CTAP-cetyltrimethylammonium permangenate). Although it's a pyrrole 
modified porphyrin, the UV-visible spectrum of porpholactone resembles that of TPP. 
The reaction of dimethoxydihydroxybacterion 1a with CTAP produced the 
corresponding lactone 8 in good yields (Scheme 3-3). 1H NMR spectrum of 8 
corresponds to an asymmetric molecule with different signals for each of the OCH3 
(at δ = 3.05 and 3.01 ppm), inner NH (at δ = -1.10 and, -1.54 ppm) also for β-
hydrogens (Figure 3-46). However, a pseudo quartet is observed for the pyrroline-H 
(at δ = 5.88 ppm) as the two doublets are partially overlapping with each other. The 
presence of a carbonyl carbon is indicated by the signal at δ = ~167.6 ppm in its 13C 
NMR spectrum. As expected, the UV-vis spectrum of 8 is chlorin-like with an intense 
Soret absorption around ~415 nm, and five side band, which is nearly identical to 
that of the chlorolactone diol 10 (Scheme 3-4, Figure 3-7). The spectrum is 
significantly hypsochromically shifted compared to the starting bacteriochlorin 1a, 
however, the longest wavelength absorption of dimethoxychlorolactone 8 is still 
bathochromically shifted compared to regular diol/dimethoxychlorins and porpho-
lactone 9. 
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Scheme 3-3. Synthesis of dimethoxychlorolactone 8 
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3.1.5. β ,β ʼ-Bond Modifications of Porpholactone 
Studies have shown that, porpholactone 9 can be further modified to form new 
pyrrole-modified porphyrins, such as oxazolochlorins.29 Porpholactone N-oxides 
have been synthesized by the oxidation of one of the inner nitrogens of 9 using 
methyltrioxorhenium (MTO) as the oxidant.30,31 However, a detailed investigation of 
the chemical reactivity of the pyrrole opposite to the oxazolone moiety of 
porpholactone 9 has not been reported. 
Osmium tetraoxide mediated dihydroxylation of porpholactone 9, followed by the 
reductive cleavage of the resulted osmate ester generated the chlorolactone diol 10 
as a single isomer (Scheme 3-4). The UV-visible spectrum of 10 is chlorin-like and 
nearly identical to that of its corresponding dimethoxy derivate 8 (Figure 3-7). NMR 
spectra of 10 are show charateristics of an asymmetric molecule and resembles to 
those of 8 (Figure 3-38, cf. to Figure 3-46).  
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Scheme 3-4. Synthesis of morpholinochlorolactone 10 
Chlorolactone diol 10 was subjected to the mild oxidation conditions (silica-
NaIO4, ROH, CHCl3) that is known to convert the chlorin diols to morpholinochlorins 
in one-pot. The reaction produced the ring-expanded morpholinochlorolactone 11 in 
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good yields (Scheme 3-4). The UV-visible spectrum of morpholinochlorolactone 11 is 
relatively red-shifted compared to its precursor diol 10, and resembles to that of a 
morpholinochlorin in shape. Similar to the morpholinobacteriochlorines 2 and 6, 
morpholinolactone 11 is highly sensitive toward the acidity of silica and CHCl3. For 
instance, it undergoes the acid-induced β-to-o-Ph fusion in the presence of CDCl3, in 
the NMR tube, within a matter of minutes. Thus, the NMR solvents and silica gel 
based preparative TLC plates were de-acidified prior to use. The 1H NMR spectrum 
11 is clearly a representative of an asymmetric molecule as expected, with two s at δ 
= 6.35 and 6.34 ppm for the acetal H and two s at δ = -0.18 and -0.55 for inner NH. 
Characteristic two multiplets are observed for the four diasteriotopic methylene 
hydrogen of OCH2CH3 groups (Figure 3-40).  
The UV-vis spectrum of 11 is chlorin-like and similar to that of morpholinochlorin 
(Figure 3-7). However, it is significantly more broadened and red-shifted (λmax = 
707 nm) compared to the parent diolchlorin and the ring-expanded morpholino-
chlorins. Soild state structure of morpholinolactone 11 provides the ultimate proof for 
its molecular structure (Figure 3-8). It shows a significant degree of ruffling, which is 
normally expected upon the introduction of an oxygen atom in between the two β-
carbons. However, the distortion of the structure from its mean plane is nearly 
identical to what is observed for the morpholino chlorin (cf. to Chapter 1.6.2), thus, 
the change in spectroscopic properties (~ 30 nm red-shift for λmax) of 11 is mainly 
due to electronic effects than conformational effects. 
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Figure 3-7. UV-vis spectra of dihydroxychlorolactone 10 (blue trace) and 
morpholinochlorolactone 11 (red trace) 
 
Figure 3-8. Capped stick models of the molecular structures of 11: top (left) and side 
(right) views; meso-aryl groups and hydrogen atoms attached to sp2 are omitted for 
clarity. 
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fusion of morpholinochlorolactones is relatively fast, as it takes place even inside 
NH N
HN
Ph
Ph
Ph
Ph
OEt
OEt
O
O
N
O
 3. Morpholinobacteriochlorins 
 147 
NMR tube in the presence of CDCl3. The treatment of morpholinochlorolactone 11 
with small amounts of TFA produced the compounds 12-I and 12-II, as an 
inseparable mixture of two isomers in the ratio of about 10 : 3; determined by 1H 
NMR spectroscopy (Scheme 3-5, Figure 3-42 ). Upon ring fusion, the UV-visible 
spectrum of 12 became comparatively blue shifted (λmax = ~690 nm) and less 
broadened, as observed for the other ring-fused morpholinoporphyrinods (cf. to 
Section 3.1.3).  
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Scheme 3-5. Acid induced transformations of morpholinochlorolactone 11 
Furthermore, both the morpholinochlorolactonte 11 and the mono ring-fused 
isomers 12-I/II undergo further transformations which eventually convert them to the  
corresponding indaphyrin derivative 14 (Scheme 3-5, see Chapter 4 for detailed 
studies of 14 and other indabacteriochlorin derivatives). This transformation is taking 
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place through a highly unstable bis-fused intermediate 13. UV-visible spectrum of the 
latter has a characteristic three band spectra with a relatively red-shifted Soret 
absorption (450 nm) and a λmax (749 nm). 1H NMR spectrum of 13 shows 
characteristics of a non symmetric molecule with a diagnostic loss of the signals 
corresponding to both of the OEt groups from the starting material 11, along with the 
sharpening of the signals corresponding to the ring-fused phenyl groups. However, 
due to its higher instability, 13 undergoes further transformation in the solution, and it 
starts decomposing into multiple products including the indaphyrin lactone 14. This 
formation of the latter also shows the electronic resemblance of porpholactone  9 
with TPP. A similar reactivity leading to the indaphyrin-like bateriochlorin derivatives 
was not observed upon prolonged exposure of 2 to acid. 
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Figure 3-9. UV-vis spectra of β-to-o-Ph fused morpholinochlorolactones 11, and its 
ring-fused derivatives 12, 13 and indaphyrinlactone 14 
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3.2. Conclusions 
In conclusion, we demonstrated the ring expansion of one and two pyrrolidine 
moieties in meso-tetraaryl-2,3,12,13-tetrahydroxybacteriochlorins to morpholines, 
resulting in the formation of the first bacteriochlorin-like porphyrinoids containing two 
non-pyrrolic heterocycles. Owing to their non-planar conformations, they possess 
dramatically broadened and red-shifted optical spectra compared to regular, planar 
bacteriochlorins. Furthermore, the introduction of β-to-o-Ph-linkages into these 
chromophores tunes their solution state photophysical properties in a way that 
highlight the interplay between bacteriochlorin chromophore, conformation, and 
conformational flexibility. Furthermore, the modification of porpholactone to formally 
replace the opposite pyrrole of the oxazolone moiety by a morpholine group was 
achieved in a similar fashion. These lactone derivatives possess chlorin-like photo-
physical properties as opposed to the bis ring expanded systems, and a similar trend 
was observed upon the treatment with acid. The formation of indalactone from 
morpholinochlorolactone highlights the resemblance of the electronic properties of 
porpholactone with the meso-tetraphenylporphyrins. 
3.3. Experimental 
3.3.1. Materials and Instruments 
All solvents and reagents used were reagent grade or better and were used as 
received. The analytical TLC plates were Silicycle ultra pure silica gel 60 (aluminum 
backed, 250 µm); preparative TLC plates (1.0 mm silica gel on glass) and the basic 
alumina (activity Brockmann I, 50-200 µm) used were provided by Scientific 
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Adsorbents Inc., Atlanta, GA. 1H and 13C NMR spectra were recorded on a Bruker 
400 MHz instrument in the solvents indicated and were referenced to residual 
solvent peaks. UV/Vis spectra were recorded on Cary 50 spectrophotometer. High 
resolution mass spectra were provided by the Mass Spectrometry Facility, 
Department of Chemistry, University of Connecticut (Dr. Y.-J. Fu). 
Bacteriochlorins 1a-b, and 5a-b were prepared as previously described. The 
periododate heterogenized on silica gel (silica/NaIO4) was prepared according to a 
literature procedure: NaIO4 (2.57 g, 12 mmol) was dissolved in hot water (5 mL, ~ 
70 °C) in a 25 mL round-bottom flask. To the hot solution was added silica gel (10 
grams, 40 µ flash grade) under vigorous swirling and shaking. The resulting product 
was heated to 50 °C for 12 h, resulting in a free flowing powder. The reagent could 
be stored for 1 month without observable decrease in activity.  
3.4. Syntheses 
meso-Tetra(p-trifluoromethyl)phenyl-2,3,12,13-tetrahydroxybacteriochlorin 
5b: Synthesized in according to the general procedure for the dihydroxylation of 
meso-tetraphenylporphyrin.[1] 5b: Rf = 0.20 (silica-1% MeOH/CH2Cl2); 1H NMR 
(400 MHz, CDCl3, 25 ºC): δ = 8.16 (d, 3J(H,H) = 8.0 Hz, 4H; Ph-H), 8.09 (d, 3J(H,H) = 
2.0 Hz, 4H; β-H) 7.99-7.92 (m, 12H; Ph-H), 6.17 (s, 4H; CH-pyrroline), 2.96 (br s, 4H; 
OH), -1.82 (s, 2H; NH) ppm; 13C NMR (100 MHz, CDCl3, 25 ºC): δ = 158.5, 149.6, 
144.9, 144.8, 137.1, 134.3, 132.0, 130.6, 130.3, 130.0, 125.9, 124.96, 124.94, 
124.91, 124.61, 124.59, 124.0, 123.2, 115.3, 73.8 ppm; UV/Vis (CH2Cl2): λmax (log ε) 
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= 378 (5.23), 524 (4.62), 708 nm (4.85); HR-MS (ESI+, 100% CH3CN) m/z (%) calcd 
for C48H31F31N4O4 (M + H+), 955.2154; found, 954.2069. 
 
Figure 3-10. Partial of the 1H NMR spectrum (400 MHz, CDCl3) of 5b 
 
Figure 3-11. 1H NMR spectrum (400 MHz, CDCl3) of 5b 
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Figure 3-12. 13C NMR spectrum (100 MHz, CDCl3) of 5b 
(Z)-meso-Tetra(p-trifluoromethylphenyl)-2,3-dimethoxy-12,13-dihydroxy-
bacteriochlorin 1b: Synthesized in 43% isolated yield according to the general 
procedure for the dihydroxylation of meso-tetraphenyl-2,3-dimethoxychlorin. 1b: Rf = 
0.20 (silica-1% MeOH/CH2Cl2); 1H NMR (400 MHz, CDCl3, δ): 8.21 (d, 3J = 7.8 Hz, 
4H), 8.12 (two overlapping dd, 3J = 5.3 Hz and 4J = 2.0 Hz, 4H) 8.02-7.94 (m, 12H), 
6.21 (s, 2H; CH-pyrrolidine), 5.86 (s, 2H), 2.98 (s, 6H), -1.82 (s, 2H; NH) ppm; 13C 
NMR (100 MHz, CDCl3, δ): 158.5, 157.2, 145.3, 145.0, 144.9, 137.1, 136.9, 134.4, 
134.4, 132.1, 131.4, 130.6, 130.3, 131.0, 130.0, 129.7, 124.9, 124.3, 124.2, 124.0, 
115.8, 115.0, 81.6, 73.9, 58.4 ppm; UV-vis (CH2Cl2): λmax (log ε) = 378 (5.26), 524 
(4.65), 707 nm (4.87); HR-MS (ESI+, 100% CH3CN) m/z (%) calcd for C50H35N4O4 (M 
+ H+), 983.2467; found, 983.2326. 
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Figure 3-13. 13C NMR spectrum (100 MHz, CDCl3) of 1b 
 
Figure 3-14. 1H NMR spectrum (400 MHz, CDCl3) of 1b 
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meso-Tetraphenyl-2,3-dimethoxy-12,13-(dimethoxy-
morpholino)bacteriochlorin 2a: 2,3-Dimethoxy-12,13-dihydroxybacteriochlorin 1a 
(20 mg) was dissolved in CHCl3 (5.0 ml, HPLC grade, EtOH-free). To this solution 
were added absolute MeOH (0.5 ml) and silica-NaIO4 (150 mg) and the mixture was 
stirred for ~18-24 h. Progress of the reaction was monitored by TLC. Additional 
oxidant was added as needed. Upon completion of the reaction, the reaction mixture 
was filtered through a glass frit (M), the filter cake washed with CHCl3 (HPLC grade, 
EtOH free), and the filtrate reduced to dryness by rotary evaporation. The product 
was separated using a preparative TLC plate (100% CH2Cl2). Note: The plate was 
neutralized for several h before use by placing it into a closed chamber containing an 
open Petri dish with conc. NH4OH. conc. Also, all solvents used in the work-up 
processes were neutralized using basic alumina super I. The product was extracted 
from the silica gel with CH2Cl2/~1% MeOH to provide 2a in 60-65% yield (13.5 mg). 
2a: Rf = 0.25 (silica-CH2Cl2), 1H NMR (400 MHz, CDCl3, 25 ºC): δ = 8.49 (d, J = 6.97 
Hz, 2H), 8.20 (br s, 1H), 8.14 (dd, J = 4.84 and 1.94 Hz, 1H) 7.98 (two overlapping 
dd, J = 5.0 and 2.0 Hz, 2H), 7.93 (dd, J = 5.0 and 2.0, 1H), 7.81-7.76 (m, 3H), 7.68-
7.53 (m, 11H), 7.47 (t, J = 7.1 Hz, 2H), 7.25 (d, J = 7.56 Hz, 1H), 6.28 (s, 1H), 6.24 
(s, 1H), 5.81 (s, 2H), 3.34 (s, 1H), 3.11 (s, 3H), 2.97 (s, 3H), 2.89 (s, 3H), -0.72 (two 
overlapping s, 2H) ppm; 13C NMR (100 MHz, CDCl3, 25 ºC): δ = 158.8, 154.3, 147.0, 
144.7, 141.8, 141.7, 141.6, 141.2, 138.1, 136.7, 136.4, 134.6, 133.2, 132.14, 132.13, 
131.7, 127.92, 127.9, 127.74, 127.7, 127.6, 127.4, 127.3, 125.8, 124.5, 123.8, 123.6, 
117.6, 117.2, 116.2, 96.4, 95.9, 84.4, 80.0, 59.4, 57.4, 55.3, 55.1 ppm; UV/Vis 
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(CH2Cl2): λmax (log ε) = 390 (5.13), 546 (4.37), 745 nm (4.38); HR-MS (ESI+, 100% 
CH3CN) m/z calcd for C52H42F12N4O5 (M+) 754.3155; found, 754.3166. 
 
Figure 3-15. Partial of the 1H NMR spectrum (400 MHz, CDCl3) of 2a 
 
Figure 3-16. 1H NMR spectrum (400 MHz, CDCl3) of 2a 
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Figure 3-17. 13C NMR spectrum (100 MHz, CDCl3) of 2a 
meso-Tetra(p-trifluoromethylphenyl)-2,3-dimethoxy-12,13-(dimethoxy-
morpholino)bacteriochlorin 2b: 2,3-Dimethoxy-12,13-dihydroxybacteriochlorin 1b 
(20 mg) was dissolved in CHCl3 (8.0 ml, HPLC grade, EtOH-free). To this solution 
were added absolute MeOH (0.5 ml) and silica-NaIO4 (140 mg) and the mixture was 
stirred for ~18-24 h. Progress of the reaction was monitored by TLC. Additional 
oxidant was added as needed. Upon completion of the reaction, the reaction mixture 
was filtered through a glass frit (M), the filter cake washed with CHCl3 (HPLC grade, 
EtOH free), and the filtrate reduced to dryness by rotary evaporation. The product 
was separated using a preparative TLC plate (100% CH2Cl2). Note: The plate was 
neutralized for several h before use by placing it into a closed chamber containing an 
open Petri dish with conc. NH4OH. conc. Also, all solvents used in the work-up 
processes were neutralized using basic alumina super I. The product was extracted 
from the silica gel with CH2Cl2/~1% MeOH to provide 2b in 40-45% yield (9.4 mg). 
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2b: Rf = 0.36 (silica-CH2Cl2), 1H NMR (400 MHz, CDCl3, δ): 8.59 (br s, 2H), 8.27 (br 
s, 1H) 8.10-7.75 (m, 15H), 7.57 (br d, 3J = 6.5 Hz, 1H), 7.38 (d, 3J = 7.0 Hz, 1H), 6.17 
(s, 1H), 6.13 (s, 1H), 5.72 (two overlapping d, 3J = 8.1 Hz, 2H), 3.34 (s, 3H), 3.10 (s, 
3H), 3.03 (s, 3H), 2.98 (s, 3H), -0.80 (two overlapping s, 2H) ppm; 13C NMR (100 
MHz, CDCl3, δ): 158.7, 154.3, 146.9, 145.1, 144.7, 137.7, 136.2, 136.1, 135.8, 
134.7, 133.5, 132.2, 131.8, 130.4, 130.0, 126.0, 124.8, 124.7, 124.4, 124.1, 123.7, 
116.6, 116.2, 115.2, 96.1, 95.7, 79.8, 59.3, 57.4, 55.5, 55.4 ppm; UV-vis (CH2Cl2): 
λmax (log ε) = 390 (5.38), 544 (4.53), 745 nm (4.54); HR-MS (ESI+, 100% CH3CN) 
m/z calcd for C52H42F12N4O5 (M + H+) 1026.2645; found, 1026.2536. 
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Figure 3-18. 1H NMR spectrum (400 MHz, CDCl3) of 2b 
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Figure 3-19. 13C NMR spectrum (100 MHz, CDCl3) of 2b 
meso-Tetraphenyl-2,3-dimethoxy-12,13-(diethoxymorpholino)-
bacteriochlorin 2c: Synthesized according to the general procedure for 2a/2b from 
1a, using EtOH as the nucleophile instead of MeOH. The reaction was completed 
within 2 h, as observed by the TLC. However, higher sensitivity of the product 5a 
toward the acidity of solvents and silica-gel makes it decompose during chromato-
graphy, thus leading to poor isolated yields. 2c: Rf = 0.81 (silica-CH2Cl2); 1H NMR 
(400 MHz, CDCl3, δ): 8.43 (d, 3J = 7.1 Hz, 2H), 8.09 (dd, 3J = 4.8 Hz and 4J =1.9 Hz, 
1H) 7.93 (m, 2H), 7.88 (dd, 3J = 4.8 Hz and 4J =1.9 Hz, 1H), 7.74 (q, 3J = 7.6 Hz, 
3H), 7.65-7.51 (m, 11H), 7.41-7.41 (m, 3H), 7.24 (d, 3J = 7.5 Hz, 1H), 6.45 (s, 1H), 
6.32 (s, 1H), 5.79 (s, 2H), 3.83-3.75 (m, 1H), 3.40-3.27 (m, 2H), 3.08 (s, 3H) 3.04-
2.95 (m, 1H), 2.85 (s, 3H), 1.08 (t, 3J = 7.1 Hz, 3H), 0.80 (t, 3J = 7.1 Hz, 3H), -0.89 
(two overlapping s, 2H) ppm; 13C NMR (100 MHz, CDCl3, δ): 158.7, 146.9, 144.1, 
142.0, 142.0, 141.9, 141.8, 141.6, 141.5, 141.2, 138.1, 136.5, 136.2, 136.1, 133.2, 
132.2, 132.1, 131.5, 131.5, 131.5, 127.8, 127.8, 127.8, 127.7, 127.6, 127.5, 127.5, 
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127.4, 125.8, 124.3, 123.7, 123.3, 117.3, 117.2, 117.1, 115.8, 95.0, 94.7, 84.2, 79.9, 
63.4, 63.4, 59.3, 57.3, 29.9, 15.4, 15.1 ppm; UV-vis (CH2Cl2): λmax (normalized 
absorbance) = 390 (1.00), 542 (0.17), 742 nm (0.16); HR-MS (ESI+, 100% CH3CN) 
m/z calcd for C48H41N4O4 (M + H+) 783.3546, found; 783.3490.  
 
 
Figure 3-20. Partial 1H NMR spectrum (400 MHz, CDCl3) of 2c 
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Figure 3-21. 1H NMR spectrum (400 MHz, CDCl3) of 2c 
 
Figure 3-22. 13C NMR spectrum (100 MHz, CDCl3) of 2c 
meso-Tetraphenyl-2,3-dimethoxy-12-(monoethoxymorpholino)-
bacteriochlorin 3-I: 
 meso-Tetraphenyl-2,3-dimethoxy-12,13-dihydroxybacteriochlorin Z-isomer 1a 
(20 mg) was dissolved in CHCl3 (7.00 ml). To this solution were added absolute 
EtOH (~1 ml) and silica-NaIO4 (150 mg), and the mixture was stirred for ~1-2 hours 
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at ambient temperature. Progress of the reaction was monitored by TLC and UV/Vis 
spectroscopy. Additional Silica-NaIO4 was added as needed. The pink reaction 
mixture was then filtered through a glass frit (M), the filter cake was washed with 
CHCl3 and the filtrate was treated with conc. TFA (0.5 ml) and the solution was 
stirred for ~2 h NOTE: Prolonged reaction with larger amounts of TFA resulted in the 
formation of β-OMe chlorin derivatives (4) via an acid-induced MeOH elimination 
from of 3-I/3-II. Thereafter, the reaction was quenched by the addition of Et3N (1 ml), 
washed four times with water and extracted with CHCl3/CH2Cl2. The organic layer 
was dried with NaSO4 and evaporated to dryness. Bacteriochlorin 3-I was identified 
as the higher polarity isomer and isolated as the major product using preparative 
TLC (silica–CH2Cl2/1% MeOH) in 30-40% yield. 3-I: Rf = 0.11 (silica-CH2Cl2); 1H 
NMR (400 MHz, CDCl3, δ): 9.38 (dd, 3J = 5.0 Hz and 4J = 2.0 Hz, 1H), 8.77 (d, 3J = 
7.9 Hz, 1H) 8.37 (d, 3J = 7.6 Hz, 1H), 8.29 (dd, 3J = 5.0 Hz and 4J = 2.0 Hz, 1H), 7.95 
(dd, 3J = 4.8 Hz and 4J = 2.0 Hz, 1H), 7.92-7.89 (m, 2H), 7.77-7.43 (m, 14H), 7.38 (d, 
3J = 7.6 Hz, 1H), 6.52 (s, 1H), 6.22 (s, 1H), 5.91 (d, 3J = 6.9 Hz, 1H), 5.81 (d, 3J = 6.9 
Hz, 1H), 4.18 (dq, 3J = 9.3 Hz and 7.2 Hz, 1H), 3.34 (dq, 3J = 9.3 Hz and 7.2 Hz, 1H) 
3.07 (s, 3H), 2.89 (s, 3H), 1.34 (t, 3J = 7.1 Hz, 3H), -1.21 (s, 1H), -1.42 (s, 1H) ppm; 
13C NMR (100 MHz, CDCl3, δ): 159.2, 155.3, 155.1, 145.1, 141.8, 141.5, 141.3, 
141.0, 139.5, 137.5, 136.7, 136.6, 134.6, 131.6, 131.0, 130.1, 127.7, 127.7, 127.7, 
127.5, 127.4, 126.9, 126.7, 125.1, 125.0, 125.0, 124.7, 123.2, 121.5, 121.0, 117.1, 
115.4, 113.3, 98.8, 83.7, 80.8, 71.5, 63.8, 59.2, 58.0, 15.7 ppm; UV-vis (CH2Cl2): 
λmax (log ε) = 400 (5.20), 563 (4.70), 654 (3.65), 715 nm (4.72); HR-MS (ESI+, 100% 
CH3CN) m/z calcd for C48H41N4O4 (M + H+) 737.3128, found; 737.3115.  
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Figure 3-23. 1H NMR spectrum (400 MHz, CDCl3) of 3-I  
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Figure 3-24. 13C NMR spectrum (100 MHz, CDCl3) of 3-I 
meso-Tetraphenyl-2,3-dimethoxy-13-(monoethoxymorpholino)-
bacteriochlorin 3-II: 3-II was isolated as the minor product from the above reaction 
of the in situ generated diethoxymorpholinobacteriochlorin 2c with TFA, in ~15% 
yield. 3-II: Rf = 0.20 (silica-CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 ºC): δ = 9.48 (dd, 
3J(H,H) = 5.0 Hz and 4J(H,H) = 2.0 Hz, 1H; β-H), 8.77 (d, 3J(H,H) = 7.9 Hz, 1H; Ph-H) 
8.37 (dd, 3J(H,H) = 5.0 Hz and 4J(H,H) = 2.0 Hz, 1H; β-H), 8.15 (d, 3J(H,H) = 7.5 Hz 
2H; Ph-H), 8.04 (dd, 3J(H,H) = 5.0 Hz and 4J(H,H) = 2.0 Hz, 1H; β-H), 7.96 (dd, 
3J(H,H) = 5.0 Hz and 4J(H,H) = 2.0 Hz, 1H; β-H), 7.92 (d, 4J(H,H) = 7.4 Hz, 1H), 
7.77-7.62 (m, 14H; Ph-H), 7.55 (t, 3J(H,H) = 7.2 Hz, 1H; Ph-H), 7.49 (t, 3J(H,H) = 
7.37 Hz, 1H; Ph-H) 6.67 (s, 1H; CH-morpholino), 6.58 (s, 1H; CH-morpholino), 5.82 
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(d, 3J(H,H) = 7.1 Hz, 1H; CH-pyrroline), 5.73 (d, 3J(H,H) = 7.1 Hz, 1H; CH-pyrroline), 
4.17 (dq, 3J(H,H) = 9.3 Hz and 7.2 Hz, 1H; OCH2CH3), 3.29 (dq, 3J(H,H) = 9.3 Hz 
and 7.2 Hz, 1H; OCH2CH3) 3.04 (s, 3H; OCH3), 2.99 (s, 3H; OCH3), 1.32 (t, 3J(H,H) = 
7.1 Hz, 3H; OCH2CH3), -1.45 (s, 1H; NH), -1.62 (s, 1H; NH) ppm; 13C NMR (100 
MHz, CDCl3, 25 ºC): δ = 163.1, 158.6, 156.9, 156.5, 156.0, 145.2, 142.1, 141.7, 
141.6, 141.2, 139.9, 137.7, 136.1, 134.4, 131.9, 131.7, 129.9, 127.7, 127.5, 127.41, 
127.40, 127.3, 127.2, 127.1, 126.9, 125.4, 125.2, 125.1, 124.5, 123.0, 122.0, 121.3, 
117.3, 115.5, 113.3, 99.4, 82.3, 81.6, 72.8, 63.6, 58.7, 58.4, 15.6 ppm; UV/Vis 
(CH2Cl2): λmax (normalized absorbance) = 398 (1.00), 561 (0.33), 654 (0.024), 714 
nm (0.32); HR-MS (ESI+, 100% CH3CN) m/z calcd for C48H41N4O4 (M + H+) 
737.3128, found; 737.3240. 
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Figure 3-25. 1H NMR spectrum (400 MHz, CDCl3) of 3-II 
N
NH N
HN
Ph
Ph
MeO
O
MeO
Ph
H
OEt
 3. Morpholinobacteriochlorins 
 166 
 
 
Figure 3-26. 13C NMR spectrum (100 MHz, CDCl3) of 3-I 
meso-Tetraphenyl-bis-(dimethoxymorpholino)bacteriochlorin 6a: 
 meso-Tetraphenyl-2,3,12,13-(Z)-tetraolbacteriochlorin 5a (20 mg) was dissolved 
in CHCl3 (8.0 ml, HPLC grade, EtOH free). To this solution were added absolute 
MeOH (0.5 ml) and silica-NaIO4 (140 mg). The mixture was stirred for ~18-24 h. 
Progress of the reaction was measured by TLC and UV/Vis spectroscopy. Additional 
silica-NaIO4 (~40 mg) was added as needed. The reaction mixture was then filtered 
through a glass frit (M), the filter cake was washed with CHCl3 (HPLC grade, EtOH 
free) and the filtrate was evaporated to dryness by rotary evaporation. The product 
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6a was separated using a preparative TLC plate (silica–100% CH2Cl2), and extracted 
from the silica gel using CH2Cl2/~1% MeOH, to provide 6a in 40-45% yield (9.4 mg). 
Note: The plate was neutralized for several h before use by placing it into a closed 
chamber containing an open Petri dish with conc. NH4OH. Also, all solvents used in 
the work-up processes were neutralized using basic alumina super I. 6a: Rf = 0.47 
(silica-CH2Cl2, neutralized TLC plates); 1H NMR (400 MHz, CDCl3, δ): 8.44 (br s, 4H), 
7.78 and 7.74 (overlapping d, 4J = 1.96 Hz, and a broad singlet, 8H), 7.59 (t, 3J = 
7.48 Hz, 8H), 7.43 (br s, 4H), 7.11 (br s, 4H), 6.14 (s, 4H), 3.13 (s, 12H), 0.5 (s, 2H); 
13C NMR (100 MHz, CDCl3, δ): 145.0, 140.8, 136.2, 133.5, 131.6, 127.9, 127.7, 
124.9, 124.8, 95.8, 55.2; UV-vis (CH2Cl2): λmax (log ε) = 401 (5.13), 562 (4.44), 790 
nm (4.36); HR-MS (ESI+, 100% CH3CN) m/z: calcd for C48H43N4O6 (M + H+), 
771.3177; found, 771.3113.  
 
Figure 3-27. 13C NMR spectrum (100 MHz, CDCl3) of 6a 
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Figure 3-28. 13H NMR spectrum (400 MHz, CDCl3) of 6a 
meso-Tetra(p-trifluoromethyl)phenyl-bis-(dimethoxymorpholino)bacterio-
chlorin 6b: Prepared according to the general procedure for 6a from 5b in 45-50% 
yields. 6b: Rf = 0.42 (silica-50%petroleum ether CH2Cl2); 1H NMR (400 MHz, CDCl3, 
25 ºC): δ = 8.57 (br s, 4H; Ph-H), 8.06 (br s, 4H; Ph-H) 7.76 (overlapping d, 4J(H,H) 
= 2.9 Hz, and a broad singlet, 8H; β-H and Ph-H), 7.25 (br s, 4H; Ph-H), 6.03 (s, 4H; 
CH-morpholino), 3.18 (s, 12H; OCH3), 0.47 (s, 2H; NH); 13C NMR (100 MHz, CDCl3, 
25 ºC): δ = 144.9, 144.2, 135.9, 133.8, 131.8, 131.0, 130.7, 130.4, 130.1, 128.5, 
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125.8, 125.1, 124.83, 124.80 123.1, 120.4, 116.7, 95.6, 55.5; UV/Vis (CH2Cl2): λmax 
(log ε) = 401 (5.28), 558 (4.56), 790 nm (4.50); HR-MS (ESI+, 100% CH3CN) m/z: 
calcd for C52H38N4O6 (M + H+), 1043.2598; found, 1043.2598. 
 
Figure 3-29. 1H NMR spectrum (400 MHz, CDCl3) of 6b 
 
Figure 3-30. 13C NMR spectrum (100 MHz, CDCl3) of 6b 
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meso-Tetraphenyl-bis-(diethoxymorpholino)bacteriochlorin 6c: Prepared 
according to the general procedure for 6a from 5a, using EtOH as the nucleophlie 
instead of MeOH. The product 6c turned out to be highly unstable compared to its 
tetramethoxy derivative, thus, isolated in very small yelds. 6c: Rf = 0.18 (silica-
50%petroleum ether/CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 ºC): δ = 8.42 (br s, 4H; 
Ph-H) 7.75 (d, 4J(H,H) = 2.9 Hz, 8H; β-H), 7.72 (br s, 4H, Ph-H) 7.57 (t, 3J(H,H) = 7.5 
Hz, 4H; Ph-H), 7.42 (br s, 4H; Ph-H), 7.14 (br s, 4H; Ph-H) 6.28 (s, 4H; CH-
morpholino), 3.53 (dq, 3J(H,H) = 9.6 and 7.1 Hz 4H; OCH2CH3), 3.18 (dq, 3J(H,H) = 
9.6 and 7.1 Hz 4H; OCH2CH3) 0.93 (t, 3J(H,H) = 7.1 Hz, 12H; OCH2CH3) 0.34 (s, 2H; 
NH); 13C NMR (100 MHz, CDCl3, 25 ºC): δ = 144.6, 141.0, 136.1, 133.7, 127.8, 
127.7, 127.6, 124.5, 117.5, 94.5, 63.4, 15.2 ppm; UV/Vis (CH2Cl2): λmax (normalized 
absorbance) = 400 (1), 557 (0.19), 781 (0.13) nm (4.36); HR-MS (ESI+, 100% 
CH3CN) m/z: calcd for C52H38N4O6 (M + H+), 827.3803; found, 827.3719. 
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Figure 3-31. 1H NMR spectrum (400 MHz, CDCl3) of 6c  
 
Figure 3-32. 13C NMR spectrum (100 MHz, CDCl3) of 6c 
meso-Tetraphenyl-bis-(monomethoxymorpholino)bacteriochlorin 7a: meso-
Tetraphenyl-bis-(dimethoxymorpholino)bacteriochlorin 6a (7.0 mg) was dissolved in 
CHCl3 (5.0 ml, HPLC grade, EtOH free). The solution was then treated with puffs of 
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TFA (from the headspace of a concentrated TFA bottle taken by pipette) and stirred 
for ~5-10 min. The reaction mixture turned deep green, and the progress of the 
reaction was measured by TLC and UV/Vis spectroscopy. Upon completion, the 
solvent was removed to dryness. Main product was separated and purified using a 
preparative TLC plate (5% petroleum ether 30-60/CH2Cl2) and extracted from the 
silica gel with CH2Cl2/~1% MeOH to provide 7a in 50-55% yield (3.5 mg). 7a: Rf = 
0.71 (silica-CH2Cl2); 1H NMR (400 MHz, CDCl3, δ): 9.13 (dd, 3J = 4.8 Hz and 4J = 2.0 
Hz, 2H), 8.61 (d, 3J = 7.9 Hz, 2H), 8.53 (d, 3J = 7.6 Hz, 2H), 7.96 (d, 3J = 4.8 Hz and 
4J =1.7 Hz, 2H), 7.85 (m, 2H), 7.70-7.62 (two overlapping t, 3J = 7.7 Hz and 7.6 Hz, 
4H), 7.49 (t, 3J = 7.3 Hz, 2H), 7.42 (t, 3J = 7.5 Hz, 2H), 7.12 (t, 3J = 7.6 Hz, 2H), 6.26 
(s, 2H), 5.87 (s, 2H), 3.52 (s, 6H), 0.49 (s, 2H) ppm; 13C NMR (100 MHz, CDCl3, δ): 
153.4, 145.2, 141.9, 140.2, 139.2, 137.0, 134.8, 131.4, 130.2, 130.1, 127.8, 127.7, 
127.1, 127.0, 125.7, 125.6, 125.0, 121.5, 120.3, 113.2, 99.3, 71.0, 55.5 ppm; UV/Vis 
(CH2Cl2): λmax (log ε) = 417 (4.79), 598 (4.47), 672 (3.70), 735 nm (4.29); HR-MS 
(ESI+, 100% CH3CN) m/z calcd for C46H34N4O4 (M + H+), 706.2580; found, 
706.2582. 
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Figure 3-33. 1H NMR spectrum (400 MHz, CDCl3) of 7a  
 
Figure 3-34. 13C NMR spectrum (100 MHz, CDCl3) of 7a 
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Figure 3-35. An expansion of the NOESY spectrum (400 MHz, CDCl3) of 7a 
meso-Tetra(p-trifluoromethylphenyl-bis-(monomethoxymorpholino)-
bacteriochlorin 7b: Prepared according to the general procedure for 7a from 6b in 
~50% yields. 7b: Rf = 0.60 (silica-50%petroleum ether/CH2Cl2); 1H NMR (400 MHz, 
CDCl3, 25 ºC): δ = 9.08 (dd, 3J(H,H) = 4.9 Hz and 4J(H,H) = 2.0 Hz, 2H; β-H), 8.65 
(d, 3J(H,H) = 8.2 Hz, 2H, Ph-H), 8.59 (d, 3J(H,H) = 8.0 Hz, 2H; Ph-H), 8.12 
(overlapping d and a s, 4H; Ph-H), 7.99 (d, 3J(H,H) = 8.2 Hz, 2H, Ph-H), 7.86 (dd, 
3J(H,H) = 4.9 Hz and 4J(H,H) = 2.0 Hz, 2H; β-H), 7.68 (d, 3J(H,H) = 7.7 Hz, 2H, Ph-
H), 7.16 (d, 3J(H,H) = 7.9 Hz, 2H, Ph-H), 6.10 (s, 2H; CH-morpholino), 5.90 (s, 2H; 
CH-morpholino), 3.53 (s, 6H; OCH3), 0.62 (s, 2H; NH) ppm; 13C NMR (100 MHz, 
CDCl3, 25 ºC): δ = 153.6, 148.2, 143.5, 142.1, 139.5, 136.7, 135.0, 131.5, 130.7, 
130.3, 130.0, 129.7, 127.67, 127.64, 126.0, 125.89, 125.85, 125.0, 124.3, 124.2, 
124.0, 123.9, 123.2, 123.1, 122.7, 122.6, 121.9, 119.5, 112.3, 98.9, 70.6, 55.6 ppm; 
 3. Morpholinobacteriochlorins 
 175 
UV/Vis (CH2Cl2): λmax (log ε) = 420 (5.20), 596 (4.85), 678 (3.94), 743 nm (4.64); 
HR-MS (ESI+, 100% CH3CN) m/z calcd for C46H34N4O4 (M + H+), 979.2154; found, 
978.2071. 
 
 
Figure 3-36. 1H NMR spectrum (400 MHz, CDCl3) of 7b 
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Figure 3-37. 13C NMR spectrum (100 MHz, CDCl3) of 7b 
meso-Tetrapheynyl-12,13-cis-dihydroxy-2-oxo-3-oxachlorin 10: To a solution 
of meso-Tetraphenylporpholactone 9 (120 mg) in 30%Py/CHCl3 (25.0 ml) was added 
OsO4 (5.0 ml, 7.84 10-2 M, prepared by dissolution of 1.00 g of OsO4 in 50.0 ml of 
pyridine) and the reaction mixture was stirred for 2-3 days under ambient 
temperature. Progress of the reaction was measured by TLC and UV-visible 
spectroscopy. Additional oxidants were added as needed. Upon completion, the 
reaction mixture was evaporated to dryness and the intermediate chlorolactone diol 
oxmate ester was isolated by flash column chromatography (100% CH2Cl2 to 
5%MeOH/CH2Cl2). The latter was then dissolved in 10%MeOH/CHCl3 (25 ml) in a 50 
ml round bottom flask equipped with a magnetic stir bar, and treated with H2S(g) for 
about five minutes (Caution: fume hood!), and the mixture was evaporated to 
dryness using a slow stream of air while stirring (fume hood!). The mixture was 
separated by flash column chromatography (2-4% MeOH/CH2Cl3 to yield chloro-
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lactone diol 10 in 68% overall yields. 10: Rf = 0.20 (silica-CH2Cl2); 1H NMR (400 
MHz, CDCl3, 25 ºC): δ = 8.56 (dd, 3J(H,H) = 4.7 Hz and 4J(H,H) = 1.0 Hz, 1H; β-H), 
8.32-8.30 (m, 2H, Ph-H), 8.16 (d, 3J(H,H) = 7.0 Hz, 2H; Ph-H), 8.08 (dd, 3J(H,H) = 
4.7 Hz and 4J(H,H) = 1.7 Hz, 1H; β-H), 8.06-8.02 (m, 3H), 7.94-7.84 (m, 4H), 7.80-
7.67 (m, 12H), 6.27 (dd, 3J(H,H) = 7.0 Hz and 4.0 Hz, 1H; pyrroline-H) 6.21(dd, 
3J(H,H) = 7.0 Hz and 4.0 Hz, 1H; pyrroline-H), 3.16 (d, 3J(H,H) = 4.7 Hz, 1H; OH), 
3.02 (d, 3J(H,H) = 4.7 Hz, 1H; OH), -1.05 (s, 1H; NH), -1.47 (s, 1H; NH) ppm; 13C 
NMR (100 MHz, CDCl3, 25 ºC): δ = 141.6, 140.8, 140.3, 139.5, 138.7, 138.1, 137.2, 
135.6, 133.9, 133.6, 132.4, 132.2, 132.1, 131.8, 128.5, 128.44, 128.40, 128.3, 128.0, 
127.9, 127.7, 127.4, 126.5, 125.9, 123.1, 123.0, 117.7, 115.0, 105.5, 74.7, 73. ppm; 
UV/Vis (CH2Cl2): λmax (log ε) = 408 (5.33), 511 (3.97), 545 (4.12), 616 (3.78), 674 nm 
(4.53); HR-MS (ESI+, 100% CH3CN) m/z calcd for C46H34N4O4 (M + H+), 667.2345; 
found 667.2334. 
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Figure 3-38. 1H NMR spectrum (400 MHz, CDCl3) of dihydroxychlorolactone 10 
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Figure 3-39. 13C NMR spectrum (100 MHz, CDCl3) of dihydroxychlorolactone 10 
meso-Tetraphenyl-2-oxo-3-oxa-12,13-(diethoxymorpholino)chlorin 11: 
meso-Tetraphenylchlorolactone diol 10 (30 mg) was dissolved in CHCl3 (5.0 ml, 
HPLC grade). To this solution were added absolute EtOH (1.0 ml) and silica-NaIO4 
(200 mg). The mixture was stirred for ~18-24 h. Progress of the reaction was 
measured by TLC and UV/Vis spectroscopy. Additional silica-NaIO4 was added as 
needed. The reaction mixture was then filtered through a glass frit (M), the filter cake 
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was washed with CHCl3 (HPLC grade) and the filtrate was evaporated to dryness by 
rotary evaporation. The product 7 was separated using a preparative TLC plate 
(silica-40%Peteroleum ether/CH2Cl2), and extracted from the silica gel using CH2Cl2, 
to provide 11 in 75% yield (25.0 mg). Note: The plate was neutralized for several h 
before use by placing it into a closed chamber containing an open Petri dish with 
conc. NH4OH. Also, all solvents used in the work-up processes and NMR 
experiments were neutralized using basic alumina super I. 11: Rf = 0.42 (silica-100% 
CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 ºC): δ = 8.40-8.37 (m, 3H; overlapping Ph-H 
and β-H), 8.15 (dd, 3J(H,H) = 4.7 Hz and 4J(H,H) = 2.0 Hz, 1H; β-H), 8.06 (dd, 
3J(H,H) = 4.7 Hz and 4J(H,H) = 2.0 Hz, 1H; β-H) 7.99 (br s, 2H, Ph-H), 7.87 (dd, 
3J(H,H) = 4.7 Hz and 4J(H,H) = 2.1 Hz, 1H; β-H), 7.77 (t, 3J(H,H) = 7.5 Hz, 3H; Ph-
H), 7.71-7.64 (m, 9H; Ph-H), 7.51 (t, 3J(H,H) = 6.9 Hz, 2H; Ph-H), 7.37 (br d, 3J(H,H) 
= 7.5 Hz, 2H; Ph-H), 6.35 (s, 1H; morpholino-H), 6.34 (s, 1H; morpholino-H), 3.63 
(two overlapping dq, 2H; OCH2CH3), 3.24 (two overlapping dq, 2H; OCH2CH3) 0.97 
(two overlapping t, 3J(H,H) = 7.1 Hz, 6H; OCH2CH3) -0.18 (s, 1H; NH), -0.55 (s, 1H; 
NH) ppm; 13C NMR (100 MHz, CDCl3, 25 ºC): δ = ppm; 145.3, 145.0, 144.6, 141.5, 
140.96, 140.91, 140.0, 137.9, 137.8, 136.9, 135.4, 134.0, 133.8, 133.7, 132.33, 
132.27, 132.2, 132.0, 131.4, 128.9, 128.5, 128.42, 128.37, 128.3, 128.27, 128.2, 
128.0, 127.95, 127.86, 127.8, 127.6, 126.0, 125.6, 125.4, 124.2, 123.7, 118.9, 116.4, 
105.1, 95.1, 94.4, 63.8, 63.7, 15.29, 15.27. UV/Vis (CH2Cl2): λmax (log ε) = 416 
(5.23), 521 (3.93), 559 (3.94), 705 nm (4.24); HR-MS (ESI+, 100% CH3CN) m/z 
calcd for C46H34N4O4 (M + Na+), 761.2740; found, 761.2650. 
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Figure 3-40. 1H NMR spectrum (400 MHz, CDCl3) of morpholinochlorolactone 11 
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Figure 3-41. 13C NMR spectrum (100 MHz, CDCl3) of morpholinochlorolactone 11 
meso-Tetraphenyl-2-oxo-3-oxa-12-(monoethoxymorpholino)chlorin 12-I and 
meso-Tetraphenyl-2-oxo-3-oxa-13-(monoethoxymorpholino)chlorin 12-II: A 
stirring solution of meso-tetraphenylmorpholinochlorolactone 11 in CHCl3 was 
treated with fumes of TFA, and the mixture was allowed to stir at ambient 
temperature until the color of the solution completely turned from brown to brownish-
green. Upon complete consumption of the starting material, the product 12 was 
isolated by preparative TLC (silica-30%petroleum ether/CH2Cl2) as an inseparable 
mixture of two isomers 12-I and 12-II. 12-I/II: Rf = 0.18 (silica-50%petroleum 
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ether/CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 ºC): δ = 9.44 (dd, 3J(H,H) = 4.8 Hz and 
4J(H,H) = 2.0 Hz, 1H; β-H), 9.13 (dd, 3J(H,H) = 5.1 Hz and 4J(H,H) = 1.5 Hz, 0.4 H; β-
H), 9.00 (dd, 3J(H,H) = 4.7 Hz and 4J(H,H) = 1.8 Hz, 0.3 H; β-H) 8.76 (d, 3J(H,H) = 
7.9 Hz, 1H, Ph-H), 8.55-8.48 (m, 2H), 8.44 (dd, 3J(H,H) = 5.0 Hz and 4J(H,H) = 1.7 
Hz, 1H; β-H), 8.03-7.98 (m, 4H), 7.93-7.88 (m, 4H), 7.80-7.61 (m, 16H), 6.61 (s, 1H; 
morpholino-H), 6.44 (s, 1H; morpholino-H), 5.89 (s, 0.3H; morpholino-H), 5.86 (s, 
0.3H; morpholino-H), 4.23-4.15 (m, 1H; OCH2CH3), 3.35-3.28 (m, 1H; OCH2CH3), 
1.35 (t, 4H; OCH2CH3), -1.34 (s, 1H; NH), -1.56 (s, 1H; NH) ppm; 13C NMR (100 
MHz, CDCl3, 25 ºC): δ = 167.4, 155.4, 153.2, 147.4, 144.7, 140.8, 140.5, 139.5, 
137.9, 137.4, 135.4, 134.7, 134.02, 134.0, 133.8, 132.7, 132.3, 132.0, 130.2, 128.9, 
128.6, 128.5, 128.4, 128.2, 128.1, 128.0, 127.9, 127.88, 127.8, 127.6, 127.5, 127.2, 
127.0, 126.6, 125.1, 124.8, 121.7, 120.5, 119.8, 115.4, 105.3, 98.9, 77.6, 77.2, 76.9, 
72.4, 64.1, 29.9, 15.7 ppm; UV/Vis (CH2Cl2): λmax (normalized absorbance) = 426 
(1), 582 (0.13), 633 (0.06), 690 nm (0.19); HR-MS (ESI+, 100% CH3CN) m/z calcd 
for C46H34N4O4 (M + Na+), 761.2740; found, 761.2650. 
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Figure 3-42. 1H NMR spectrum (400 MHz, CDCl3) of an isomeric mixture of β-to-o-
Ph fused mopholinochlorolactone 12-I/II. 
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Figure 3-43. 13C NMR spectrum (100 MHz, CDCl3) of an isomeric mixture of β-to-o-
Ph fused mopholinochlorolactone 12-I/II. 
meso-Tetraphenyl-2-oxo-3-oxa-12,13-(o-phenylmorpholino)chlorin 13: A 
stirring solution of meso-tetraphenylmorpholinochlorolactone 11 (5.0 mg) in CHCl3 
was treated TFA (1 drop) and the mixture was allowed to stir for 30 minutes. The 
solution initially turned into brownish green with a UV-vis spectrum resembles to that 
of 12. Additional TFA (2 drops) were added to the reaction mixture and the solution 
turned bright green. Upon completion of the reaction (UV-vis spectroscopy, TLC), the 
mixture was evaporated to dryness and the compound 13 was isolated using 
preparative TLC (silica-CH2Cl2) 13: Rf = 0.78 (silica-CH2Cl2); 1H NMR (400 MHz, 
CDCl3, 25 ºC): δ = 9.11 (dd, 3J(H,H) = 5.1 Hz and 4J(H,H) = 1.6 Hz, 1H; β-H), 8.97 
(dd, 3J(H,H) = 4.7 Hz and 4J(H,H) = 1.9 Hz, 1H; β-H), 8.53 (d, 3J(H,H) = 7.8 Hz, 1H; 
Ph-H) 8.50-8.48 (m, 2H; two overlapping Ph-H and a β-H) 8.23 (dd, 3J(H,H) = 4.6 Hz 
and 4J(H,H) = 2.1 Hz, 1H; β-H), 7.97 (br d, 4J(H,H) = 6.6 Hz, 1H; Ph-H), 7.88 (d, 
4J(H,H) = 7.1 Hz, 2H; Ph-H), 7.75-7.68 (m, 7H; Ph-H), 7.65 (br t, 4J(H,H) = 7.6 Hz, 
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3H; Ph-H),7.54-7.5 (m, 3H; Ph-H) 5.83 (s, 1H; pyrroline-H), 5.81 (s, 1H; pyrroline-H), 
1.02 (s, 1H; NH), 0.74 (s, 1H; NH) ppm; UV/Vis (CH2Cl2): λmax (normalized 
absorbance) = 450 (1.00), 612 (0.2), 749 (0.16). 
 
 
Figure 3-44. 1H NMR spectrum (400 MHz, CDCl3) of bis β-o-Ph fused morpholino-
chlorolactone 13 
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Figure 3-45. Changing of the UV-vis spectrum of 12-I/II upon treatment with trace 
amounts of TFA. 
meso-Tetrapheynyl-12,13-cis-dimethoxy-2-oxo-3-oxachlorin 8: 
2,3-Dimethoxy-12,13-dihydroxybacteriochlorin 1a (15 mg) was dissolved in 
CHCl3 (10.0 ml). To this solution were added excess CTAP, and the progress of the 
reaction was monitored by TLC. Additional oxidant was added as needed. Upon 
completion of the reaction, the reaction mixture was filtered through celite, the filter 
cake washed with CHCl3, and the filtrate reduced to dryness by rotary evaporation. 
The mixture was separated using a preparative TLC plate (100% CH2Cl2) to obtain 8 
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in ~50% isolated yields. 8: Rf = 0.63 (silica-CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 
ºC): δ = 8.55 (dd, 3J(H,H) = 5.1 Hz and 4J(H,H) = 1.9 Hz, 1H; β-H ), 8.32 (m, 2H; β-
H), 8.15 (d, 3J(H,H) = 7.5 Hz, 1H; Ph-H), 8.01 (dd, 3J(H,H) = 4.7 Hz and 4J(H,H) = 2.1 
Hz, 1H; β-H), 8.04 (d, 3J(H,H) = 7.65 Hz, 3H; Ph-H), 7.95-7.93 (m, 1H; Ph-H), 7.91-
7.85 (m, 2H; Ph-H), 7.78-7.61(m, 13H; Ph-H), 5.88 (two overlapping d, 3J(H,H) = 7.0 
Hz, 2H; pyrroline-H), 3.05 (s, 3H; OCH3), 3.01 (s, 3H; OCH3), -1.10 (s, 1H; NH), -
1.54 (s, 1H; NH) ppm; 13C NMR (100 MHz, CDCl3, 25 ºC): δ = 141.5, 141.3, 141.0, 
139.5, 138.6, 138.3, 137.4, 135.6, 134.15, 134.10, 134.0, 132.5, 132.3, 131.4, 131.2, 
129.9, 128.5, 128.45, 128.4, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 127.5, 126.4, 
125.8, 123.3, 122.8, 119.6, 118.5, 115.7, 105.9, 82.8, 80.9, 59.2, 58.7 ppm; UV/Vis 
(CH2Cl2): λmax (log ε) = 408 (5.23), 510 (3.85), 545 (3.98), 616 (3.65) nm; HR-MS 
(ESI+, 100% CH3CN) m/z calcd for C46H34N4O4 (M + H+), 695.2658; found, 
695.2637. 
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Figure 3-46. 1H NMR spectrum (400 MHz, CDCl3) of dimethoxychlorolactone 8.  
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Figure 3-47. 13C NMR spectrum (100 MHz, CDCl3) of dimethoxychlorolactone 8.  
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4. Indabacteriophyrins: Bacteriochlorin-like Indaphyrin Derivatives 
Multiple strategies were devised to bathochromically shift the optical spectra of 
porphyrins. Principal among them are the reduction of the porphyrinic chromophore 
to form chlorins and bacteriochlorins (and analogs),1-3 the extension of the π-
aromatic system by either increasing the number of conjugated pyrroles (expanded 
porphyrins),4 the annulation of other aromatic systems to the chromophores 
(including other porphyrins),5-17 the deformation of the chromophore from 
planarity,18,19 or a combination of these techniques.20 For instance, quinoline-
annulated system 1 possess greatly broadened and red-shifted optical spectra (λmax 
= 779 nm for 1a) because of the extended π-conjugated system and presumably also 
its non-planarity.21,22 Porphyrins fused to up to four anthracenes have been reported, 
greatly shifting their λmax (to 973 nm for 2 and 1417 nm for a tetraannulated porphyrin 
nickel complex).9,15,16  
N
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HNN
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Considering the already highly twisted indaphyrins,23,24 it begs the question 
whether the bacteriochlorin-analogs of the indaphyrins can be prepared, and 
whether they also exhibit particularly twisted conformations and much red-shifted 
optical spectra. We report here the systematic evaluation of this question. We 
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describe the stepwise manipulation of the pyrrole moiety opposite to the firstly 
modified pyrrole in indaphyrins to convert it to a dihydroxypyrroline, oxazolidone, and 
a morpholine. We will report the effects these derivatizations have on the UV-vis 
absorption properties of the chromophores and the conformation of two members of 
the indabacteriophyrins, as determined by single crystal structure analysis. In 
addition, we will firstly report on a secobacteriochlorin tetraaldehyde and the 
conversion of this highly reactive intermediate into a bis-indabacteriochlorin. 
4.1. Results and Discussion 
4.1.1. Nomenclature Conventions.  
Since there is no firmly established trivial nomenclature for pyrrole-modified 
porphyrins, we begin with defining the naming and numbering system used for the 
indaphyrin derivatives discussed (Figure 4-1). This system is an extension of the 
naming/numbering used in the publication firstly describing indaphyrins.23 It also 
maintains the traditional numbering for the meso-positions (5, 10, 15, and 20). 
Although intuitive, the system differs from the traditional numbering of hydro-
porphyrins.25 Indaphyrins posses the framework shown (Figure 4-1). Indaphyrin-
based derivatives in which the pyrrole opposite of the imine linkage flanked by the 
annulated indanones is derivatized in a way that removes the β,βʼ-bond will be 
generically referred to as indabacteriophyrins. This nomenclature can be expanded 
to provide further detail, such as inda-12,13-dihydroxybacteriophyrin for compound 
12 or inda-12,13-dimethoxy-12a-oxa-homobacteriophyrin (or simply indamorpholino-
bacteriophyrin) for compound 14 (see Scheme 4-1). Note, however, that the name 
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indabacteriophyrin only reflects the structural features such as the indanone moieties 
and the substitution/removal of β,βʼ-bond pattern; it is not necessarily categorizing 
the (bacteriochlorin-like) optical spectra of this porphyrinoid class. 
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Figure 4-1. Atom numbering and naming conventions for the indaphyrin and inda-
bacteriochlorin derivatives. 
4.1.2. The Dihydroxylation of Indaphyrin 7.  
The OsO4-mediated conversion of free base chlorins to form β,βʼ-dihydroxylated 
bacteriochlorins is well established for β-octaalkyl- as well as meso-di- and tetraaryl-
chlorins.26-37 Applied to indaphyrin 7, the reaction formed over the course of several 
days at ambient temperature a single polar major product 9 in satisfying yields (and 
most of the un-reacted starting material could be recovered) (Scheme 4-1).  
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Scheme 4-1. Syntheses of indabacteriochlorins 11 through 14 
The 1H NMR of this product indicated the presence of a diol osmate ester-
substituted pyrroline moiety (two d, at δ = 6.60 and 6.67 ppm, 3J = 5.9 Hz, 
characteristic for two non-equivalent pyrroline H and the signals diagnostic for the 
two pyridines coordinated to the osmium(IV) center, at 8.75, 8.49, and 7.26 ppm).36 
The appearance of more than one pyrroline hydrogen signal and signals for four 
non-equivalent β-hydrogens can be interpreted in two ways: it could be an indication 
that the osmylation took place at a pyrrole adjacent to the indaphyrin imine linkage. 
Alternatively, it could be interpreted as an indication for an osmylation at a pyrrole 
opposite of the imine linkage but that the resulting chromophore assumes a confor-
mation that renders the pyrroline and the β-hydrogens diastereotopic. Given the 
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native strong twisting of the indaphyrins,23,24 the latter possibility was deemed to be 
most likely. 
Treatment of 11 with H2S led to the loss of the osmate ester and the liberation of 
the vic-cis diol moiety in derivative 12, as confirmed by HR-MS spectrometry (MH+ 
possessed the expected composition of C44H29N4O4). The absence of the pyridines 
simplified the 1H NMR spectrum of this product and allowed a clear distinction 
between the signals diagnostic for the presence of the indanone moieties (the two d 
at two tr, albeit some signals are overlapping with the signals of the other meso-
phenyl group) as well as the pyrroline (two d, at 5.95 and 5.54 ppm, 3J = 6.5 Hz). 
Again, about twice as many signals were seen as could have been expected for a 
seemingly mirror-symmetric molecule (12) (Figure 4-2), including two non-equivalent 
inner NH protons were noticed (in the, for porphyrins, unusually low-field-shifted 
range of 1.50-2.00 ppm though this region is not untypical for highly twisted 
porphyrins, including indaphyrins; in indaphyrin 9, the NH signal is found at 
1.44 ppm).23 
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Figure 4-2. Partial 1H NMR spectra of inda-12,13-dihydroxybacteriochlorin 12 
(CD2Cl2, top), inda-12,13-morpholinobacteriochlorin 14b (CD2Cl2, middle) and 12-
oxa-13-oxo-indaphyrin 13 (CDCl3, bottom). 
Single crystal X-ray structure analysis ultimately proved the connectivity of 
product 12 (Figure 4-3). It showed that the dihydroxylation had taken place at the 
pyrrole opposite to the imine linkage, forming an indabacteriophyrin chromophore. 
Thus, the highly regioselective osmylation of indaphyrins mirrors the well known 
regioselectivity of this reaction when applied to chlorins and chlorin analogs (and 
even β-nitroporphyrins).38,27,36 The strongly twisted (ruffled) conformation of the 
product rationalizes the larger than expected number of signals for the framework 
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protons and the low-field shifted NH protons. A detailed conformational analysis of 
the structure and the consequences of this modification on the optical properties of 
the chromophore are presented below. 
 
Figure 4-3. Representations of the molecular structures of 12 (A) and 14b (B), top 
(a) and front (b), and side (c) views; arrows indicate view directions. All hydrogen 
atoms attached to sp2-hybridized carbons and the minor disorder contributions have 
been omitted for clarity. See Figure 4-4 for a direct comparison of the deformation 
modes seen in these indabacteriophyrins.39 
4.1.3. The Breaking and Mending of Indaphyrins.  
The oxidative conversion of a β,βʼ-diol using permanganate to a lactone 
functionality in a number of chlorin derivatives and analogs is known.40-42 Indeed, 
reaction of diol 12 with permanganate (in the form of cetyltrimethylammonium 
permanganate, CTAP) produces a single product 13 of lower polarity in good yields. 
The composition of the product (C43H25N4O4 for MH+, as per ESI+ HR-MS) indicated 
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that a carbon and four hydrogens had been lost from the starting material, 
suggestive of the conversion of the dihydroxypyrroline moiety to an oxazolone. The 
NMR spectra of product 13 further supported its assignment as the inda-
bacteriophyrin analogue 13 (inda-12-oxa-13-oxo-bacteriophyrin) to porpholactone 7. 
Inter alia, the pyrroline hydrogen and sp3-carbon signals of the starting material are 
gone and a third lactone-type ketone carbon became visible (at 166.49 ppm). We 
have observed previously that the oxazolone moiety mimics in terms of conformation 
and many electronic properties very well a pyrrole moiety. Consequently, the UV-vis 
spectrum of the lactone 13 much resembles that of the parent indaphyrins 9 (Figure 
4-6; for details, see below). 
The ability to expand a dihydroxypyrroline to form a dialkoxy-substituted 
morpholine building block was also demonstrated in a number of porphyry-
noids.37,40,41,43,44 Applying the standard reaction conditions (periodate heterogenized 
on silica in the presence of ethanol) to diol 12 generates a product of the expected 
compositions (for 14b: C48H37N4O5 for MH+, as per ESI+ HR-MS), it shows the 
diagnostic diastereotopic signals for the two methylene signals on the ethoxy side 
chains, and possesses, as also typical for the morpholinochlorins as compared to 
the corresponding dihydroxychlorins, a red-shifted and broadened but otherwise 
similar UV-vis spectrum (Figure 4-6; for details, see below). Single crystal X-ray 
structure diffractometry provided the ultimate proof for the successful formation of the 
morpholino-derivate 14b (Figure 4-3). 
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4.1.4. Conformational Analysis of the Indabacteriophyrins.  
A detailed analysis of the stereostructure expressed by the indaphyrins 
rationalizes a number of experimental findings. The indabacteriophyrins are ruffled, 
thus assuming the same deformation mode as was computed for the parent 
indaphyrin 9 and observed by X-ray diffractometry for its Pt(II) complex 9Pt.23,24 The 
degree of ruffling varies with the nature of the non-pyrrolic heterocycle, however. A 
direct comparison of the overlayed crystal structures of the 9Pt, 12, and 14b clearly 
show that the pyrroline-derivative possesses the largest distortion from planarity in 
the indaphyrin-portion of the molecule, followed by the morpholine derivative (Figure 
4-4). The morpholine moiety itself is naturally more non-planar than the pyrroline, but 
this nn-planarity does not translate past the mid-point of the chromophore. A similar 
trend was previously observed in the mono- and bis-morpholinobacteriochlorins.44 
 
Figure 4-4. Overlay of the crystal structures of the indaphyrin Pt(II) complex 9Pt 
(grey),45 dihydroxyindabacteriophyrin 12 (green), and morpholinobacteriophyrin 14 
(red). Overlay computed based on the least rms deviation of the central four 
nitrogens.39 
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The ruffling introduces helimeric chirality into the molecule. Thus, the compounds 
are formed and crystallized (in non-chiral space groups) as racemic mixtures of the 
M- and P-helimeric forms (Figure 4-3A). The 2-fold rotational symmetry inherent to 
the unsubstituted indaphyrins renders the two β-positions adjacent to (and also the 
two positions distant to – not shown) the indanone units equivalent to each other. 
The dihydroxylation of the indaphyrin breaks the two-fold rotational symmetry and 
differentiates a Northern and Southern hemisphere. As a result, the formerly 
equivalent β-positions split into two non-equivalent positions (Figure 4-3B), as is also 
clearly reflected in the NMR spectroscopic signals for 12 (Figure 4-2). However, for 
each helimer it is irrelevant whether the diol is located on the North or South–after 
all, both sides were identical before introduction of the diol. Consequently, an in-
plane 180° rotation demonstrates that the two structures are identical (Figure 4-3C). 
Thus, only one racemic dihydroxyindaphyrin is formed. Planarization of the 
dihydroxypyrroline through oxidation to a lactone moiety removes the North-South 
differentiation, though the introduction of the lactone moiety introduces an – albeit 
much less strongly expressed - East-West differentiation into 13; again, this is 
reflected in its NMR spectra. 
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Figure 4-5. Graphical representation of the helimeric forms of indaphyrins (A), of the 
loss of 2-fold rotational symmetry upon introduction of the diol moiety (B), the 
equivalency of whether the diol is points toward the ʻNorthʼ or ʻSouthʼ hemisphere 
(C), and the two enantiomeric forms present in the morpholino-derivative 14. 
The two sp3-positions in the morpholine ring of indabacteriophyrin derivatives 14 
are chiral. Considering also the helimeric chiral element of the macrocycle, a 
maximum of eight stereoisomers could have been expected for 14 but only the 
M-R,R and P-S,S racemic pair is observed in the crystal (Figure 4-3D). The situation 
is very similar to that of the morpholinochlorins for which steric and stereoelectronic 
arguments were deduced to explain the relative stereoarray of the morpholino-
substituents. Importantly, it could be shown that the central metal-induced helimeric 
chirality of the ring predetermined the chirality of the morpholine substituents. 
Equivalent mechanism can be used to explain the relative stereoselectivity for the 
formation of 14, even though the origin of the ruffling are different. 
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4.1.5. Optical Properties of the Indabacteriophyrins.  
Free base indaphyrins possess optical spectra that are greatly distorted from 
those of porphyrins (for 9, λmax = 813 nm) (Figure 4).23,24 The presence of the 
extended π-system including two carbonyl groups can be made responsible for this. 
The UV-vis spectrum of lactone derivative 13 is rather similar to that of the 
indaphyrin (λmax = 823 nm). This is as expected as the sp2-hybridized lactone carbon 
in porpholactones was frequently observed to mimic well the effects of a β,βʼ-double 
bond.42,46 Slight red-shifts, as observed here also (Δ λmax = 10 nm), were observed 
for oxazolone-substituted chlorins and chlorin-analogs when compared to the 
corresponding pyrrole-derived chromophores.47 
The dihydroxylation of a porphyrin renders it to become a chlorin; the 
dihydroxylation of a chlorin generates a bacteriochlorin. The dihydroxylation of 
indaphyrin 7 also has profound effects. The longest wavelength absorption becomes 
much more intense, shifts bathochromically (λmax = 850 nm), and the double Soret 
band-character of the indaphyrins is much diminished, and the spectrum is generally 
broadened. The resulting spectrum with its three main bands is bacteriochlorin-like, 
though the Soret band (at ~550 nm) is at an unusual position (bacteriochlorin Soret 
bands are typically found below 400 nm).3 The broadening might indicate a confor-
mational flexibility of the chromophore. The much increased deformation from 
planarity of the chromophore upon dihydroxylation likely contributes much to the 
observed optical properties.48,49 
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Figure 4-6. UV-visible spectra (CH2Cl2) of 9 (black), 12 (green), 13 (blue), and 14b 
(red). 
The expansion of the pyrroline to a morpholine in chlorins generally results in a 
further broadening and bathochromic shift of the spectrum, with no further changes 
in the number of bands.50 This is also observed for 14b (14a possesses an identical 
spectrum). The absorption maximum of 14 is red-shifted 30 nm (λmax = 880 nm) 
compared to 13 and broadened but the relative band intensities are maintained. 
Indaphyrins were already shown to be only very weakly fluorescing 
(luminescing).24 Likewise, the non-planar, flexible chromophore of the morpholino-
bacteriochlorins, like compound 10, fluoresce much less than the corresponding 
tetrahydroxybacteriochlorin 5.44 Thus, as expected, the indabacteriophyrins 12 
through 14 are only very weakly (i.e. <<1% fluorescence emission yield) emitting. 
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4.2. Conclusions 
We demonstrated that it is possible to modify free base indaphyin in a 
regioselective fashion analogously to regular porphyrins or chlorins. Dihydroxylation 
and subsequent diol oxidations lead to indaphyrin derivatives that also incorporate a 
dihydroxypyrroline, and oxazolone, and a morpholine moiety. The effects the 
modifications have on the optical spectra of the indaphyrin-based chromophores 
parallel those of the ʻregularʼ chlorin series and further generalize trends that can be 
seen in a number of other chromophore classes. For instance: (1) The morpholino-
derivatives generally possess broadened and red-shifted spectra but are otherwise 
much similar to the spectra of the dihydroxypyrroline derivatives they are derived of 
(with notable exceptions)40. (2) The oxazolone moiety induces a red-shift in 
derivatives in which the opposite ring possesses a sp3-hybridized β-bond, otherwise 
it does not alter the spectrum much. (3) The introduction of conformationally flexible 
pyrroline and morpholine moieties magnifies the intrinsinc ruffling of the 
chromophores.  
All in all, a number of derivatives were introduced that possess intense 
absorbances in the range of 800-900 nm. The relatively facile preparation of these 
novel bacteriochlorin analogs, their intense NIR-absorption properties, stability and 
solubility suggests their further study with respect to their applicability as photo-
acoustic imaging contrast agents51-62 or in light-harvesting systems. These studies 
are currently ongoing in our laboratories. 
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4.3. Experimental Section 
4.3.1. Materials and Instrumentation  
All solvents and reagents used were reagent grade or better and were used as 
received. The analytical TLC plates were Silicycle ultra pure silica gel 60 (aluminum 
backed, 250 µm); preparative TLC plates (1.0 mm silica gel on glass) and the basic 
alumina (activity Brockmann I, 50-200 µm) used were provided by Scientific 
Adsorbents Inc., Atlanta, GA. 1H and 13C NMR spectra were recorded on a Bruker 
400 MHz instrument in the solvents indicated and were referenced to residual 
solvent peaks. UV/Vis spectra were recorded on Cary 50 spectrophotometer. High 
resolution mass spectra were provided by the Mass Spectrometry Facility, 
Department of Chemistry, University of Connecticut (Dr. Y.-J. Fu). 
Bacteriochlorins 1a-b, and 5a-b were prepared as previously described. The 
periododate heterogenized on silica gel (silica/NaIO4) was prepared according to a 
literature procedure: NaIO4 (2.57 g, 12 mmol) was dissolved in hot water (5 mL, ~ 
70 °C) in a 25 mL round-bottom flask. To the hot solution was added silica gel (10 
grams, 40 µ flash grade) under vigorous swirling and shaking. The resulting product 
was heated to 50 °C for 12 h, resulting in a free flowing powder. The reagent could 
be stored for 1 month without observable decrease in activity. 
meso-Diphenylindapyrin 9 and tetrahydroxybacteriochlorin 5 were synthesized as 
reported in the literature.23,36 Flash column chromatography was performed manually 
in glass columns or on an automated flash chromatography system, on normal-
phase silica (solvents used are indicated; isochratic elution modes). The 
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fluorescence quantum yields (φ) were assessed relative to that of meso-tetraphenyl-
porphyrin (φ = 0.11 in benzene)63. 
4.4. Syntheses 
10,15-Diphenyl-12,13-vic-dihydroxybacterioindaphyrin Osmate Ester (11). 
10,15-Diphenylindaphyrin 7 (130 mg) was dissolved in 50% pyridine/CHCl3 (8.0 ml). 
To this solution was added a solution of OsO4 in pyridine (5 ml, 7.84 × 10-2 M, 
prepared by dissolution of 1.00 g OsO4 in 50.0 mL of pyridine). Shielded from light, 
the mixture was stirred at ambient temperature for 3 days. Progress of the reaction 
was monitored by TLC. Once no further reaction was detectable, the reaction mixture 
was reduced to dryness by rotary evaporation, and the crude mixture was subjected 
to flash column chromatography (silica gel–solvent gradient: 100% CHCl3 to 10% 
MeOH/CHCl3) to isolate 11 in 65% yield (138 mg). 11: Rf = 0.52 (silica-2% 
MeOH/CH2Cl2, streaking). 1H NMR (400 MHz, CDCl3, δ): 1H NMR (400 MHz, CD2Cl2) 
8.95 (dd, 3J = 5.0 and 4J = 2.0 Hz, 1H), 8.92 (dd, 3J = 5.0 and 4J = 1.8 Hz, 1H), 8.71 
(br s, 2H), 8.45 (br s, 2H), 8.22 (d, 3J = 7.7 Hz, 1H), 8.07 (overlapping d and dd, 2H), 
7.98 (overlapping br s an dd, J = 4.8, 2.0 Hz, 2H), 7.74–7.54 (m, 10H), 7.47 (t, 3J = 
7.3 Hz, 2H), 7.38 (t, 3J = 7.4 Hz, 2H), 7.32–7.2 (m, 5H), 6.56 (d, 3J = 5.9 Hz, 1H), 
6.13 (d, 3J = 5.9 Hz, 1H), 1.85 (s, 1H), 1.75 (s, 1H) ppm. 13C NMR (100 MHz, CD2Cl2, 
δ): 166.2, 160.0, 149.9, 149.8, 149.75, 149.7, 147.4, 147.3, 144.1, 143.1, 141.8, 
140.4, 140.3, 139.5, 138.6, 135.42, 134.4, 131.2, 130.8, 130.7, 128.8, 128.6, 127.9, 
127.3, 127.2, 126.5, 125.7, 125.4, 125.36, 125.3, 125.2, 125.0, 124.7, 124.0, 123.9, 
123.4, 122.1, 119.0, 118.7, 118.2, 117.2, 99.0, 94.3 ppm. UV-vis (CH2Cl2): λmax (log 
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ε) = 363 (4.48), 449 (4.38), 547 (4.62), 640 (4.05) 849 (4.15) nm. This compound is 
not susceptible to analysis by ESI-MS. 
 
Figure 4-7. 1H NMR spectrum (400 MHz, CDCl3) of 11 
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Figure 4-8. 13C NMR spectrum (100 MHz, CDCl3) of 11 
 
Figure 4-9. Expansion of the 1H1H COSY (400 MHz, CDCl3) spectrum of 11 
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10,15-Diphenyl-12,13-vic-dihydroxybacterioindaphyrin (12). 10,15-Diphenyl-
12,13-vic-dihydroxybacterioindaphyrin osmate ester 11 (130 mg) was dissolved in 
CHCl3/10% MeOH (50 ml) in a 100 ml round bottom flask equipped with a magnetic 
stir bar and a gas in- and outlet. A gentle stream of H2S was passed into the flask for 
~5 min (no bubbling through the solution! Caution: fume hood and bleach-filled H2S 
scrubber!). Once TLC control indicated the consumption of the starting material, the 
reaction mixture is thoroughly purged with air or nitrogen (fume hood and H2S 
scrubber!) and then evaporated into dryness by rotary evaporation (evacuated air 
outlet of rotary evaporator in the fume hood!). The crude product was 
dissolved/suspended in CH2Cl2, and the black OsS was removed by filtration through 
a plug of Celite. The resulting mixture was concentrated and loaded onto a flash 
column chromatography column (silica gel–solvent gradient: from 100% CHCl3 to 
CHCl3/5% MeOH) to obtain 10 in 58% yield (49 mg). 10: Rf = 0.7 (silica gel-2% 
MeOH/CH2Cl2, streaking). 1H NMR (400 MHz, CD2Cl2, δ) 8.78 (dd, 3J = 4.8 and 4J = 
1.8 Hz, 1H), 8.74 (dd, 3J = 4.9 and 4J = 1.8 Hz, 1H), 8.13 (d, 3J = 7.7 Hz, 2H), 7.96 
(m, 2H), 7.75 (dd, 3J = 4.8 and 4J = 1.9 Hz, 2H), 7.65–7.49 (m, 11H), 7.31-7.23 (m, 
3H), 5.95 (d, 3J = 6.5 Hz, 1H), 5.54 (d, 3J = 6.5 Hz, 1H), 3.11 (br s, 2H), 1.52 (s, 1H), 
1.40 (s, 1H) ppm. 13C NMR (100 MHz, CDCl3, δ): 188.8, 188.5, 163.4, 158.6, 146.7, 
142.7, 142.3 139.8, 139.4, 139.2, 138.4, 135.6, 135.5, 132.3, 130.8, 130.77, 130.4, 
130.2, 129.0, 128.9, 128.2, 128.1, 128.06, 127.8, 126.1, 125.9, 124.9, 124.8, 124.1, 
124.0, 123.6, 122.4, 119.3, 118.0, 117.8, 116.7, 76.5, 73.3 ppm. UV/Vis (CH2Cl2): 
λmax (log ε) = 361 (4.51), 442 (4.40), 545 (4.64), 636 (4.06), 849 nm (4.15). HR-MS 
(ESI+, 100% CH3CN) m/z calcd for C44H28N4O4 (M + H+) 676.2111; found 676.2124. 
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Figure 4-10. 1H NMR spectrum (400 MHz, CDCl3) of 12?
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Figure 4-11. 13C NMR spectrum (100 MHz, CDCl3) of 12 
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Figure 4-12. Expansion of the 1H1H COSY (400 MHz, CDCl3) spectrum of 12 
10,15-Diphenyl-12-oxa-13-oxo-indaphyrin (13). 10,15-Diphenyl-12,13-vic-
dihydroxybacterioindaphyrin 12 (10 mg) was dissolved in CH2Cl2 (2.0 ml). To this 
solution were added CTAP (cetyltrimethylammonium permanganate, ~50 mg) and 
the mixture was stirred for 2-3 h at ambient temperature. Progress of the reaction 
was monitored by TLC and UV-vis spectroscopy. Small amounts of additional 
oxidant were added until complete conversion of the starting material was observed. 
The reaction mixture was then filtered through Celite and the filter cake washed with 
CH2Cl2. The combined filtrates were evaporated to dryness by rotary evaporation 
and 13 was isolated using preparative TLC (silica–CH2Cl2) in 60% yield (5 mg). 13: 
Rf = 0.46 (silica-CH2Cl2). 1H NMR (400 MHz, CDCl3, δ): 9.05 (dd, 3J = 5.2 Hz and 4J = 
1.9 Hz, 1H), 8.96 (dd, 3J = 4.8 Hz and 4J = 2.1 Hz, 1H), 8.41 (dd, 3J = 5.2 Hz and 
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4J = 2.0 Hz, 1H), 8.26 (t, 3J = 8.45 Hz, 2H), 8.19 (dd, 3J = 4.8 Hz and 4J = 2.2 Hz, 
1H), 8.03 (br s, 1H), 7.89 (br s, 2H), 7.84 (d, 3J = 7.3 Hz, 1H), 7.80 (d, 3J = 7.1 Hz 
1H), 7.71-7.64 (m, 9H), 7.39 (q, 3J = 6.7 Hz, 2H), 2.1 (s, 1H), 1.8 (s, 1H) ppm. 13C 
NMR (100 MHz, CDCl3, δ): 189.0, 188.4, 166.5, 155.7, 151.0, 147.5, 146.8, 142.5, 
140.1, 136.8, 136.76, 136.4, 136.1, 135.8, 135.7, 133.5, 131.9, 131.3, 130.4, 129.6, 
129.57, 129.48, 129.1, 128.9, 128.7, 128.2, 128.1, 127.5, 126.2, 125.6, 125.3, 124.3, 
123.9, 122.0, 121.8, 119.8, 117.3, 108.1, 106.1, 100.6 ppm. UV-vis (CH2Cl2): λmax 
(log ε) = 418 (4.47), 544 (4.40), 627 (3.76), 823 nm (3.64). HR-MS (ESI+, 100% 
CH3CN) m/z calcd for C43H24N4O4 (M + H+) 660.1798; found 660.1787.  
 
 
Figure 4-13. 1H NMR spectrum (400 MHz, CDCl3) of 13 
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Figure 4-14. 13C NMR spectrum (100 MHz, CDCl3) of 13 
10,15-Diphenyl-12,13-dimethoxy-2a-oxa-2a-homoindaphyrin 14a. 10,15-
Diphenyl-12,13-vic-dihydroxybacterioindaphyrin 12 (15 mg) was dissolved in CHCl3 
(2.0 ml, HPLC grade, EtOH-free). To this solution were added absolute MeOH (0.5 
ml) and silica-NaIO4 (100 mg) and the mixture was stirred for ~12-18 h. Progress of 
the reaction was monitored by TLC. Small quantities if additional oxidant were added 
until the starting material was fully converted, upon which time the reaction mixture 
was filtered through a glass frit (M), the filter cake washed with CHCl3 (HPLC grade, 
EtOH free), and the filtrate reduced to dryness by rotary evaporation. The product 
was separated using a preparative TLC plate (100% CH2Cl2. Note: the plate was 
neutralized for several h before use by placing it into a closed chamber containing an 
open Petri dish with conc. NH4OH. conc.; also, all solvents used in the work-up 
processes were neutralized by passing them just prior to their use through a short 
basic alumina super I column). The product was extracted from the silica gel with 
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CH2Cl2 to provide 12a in 80% yield (12 mg). 14a: Rf = 0.3 (silica gel-CH2Cl2). 1H 
NMR (400 MHz, CD2Cl2, δ) 8.76 (dd, 3J = 4.9 and 4J = 1.9 Hz, 2H), 8.34 (br s, 2H), 
8.03 (d, 3J = 7.7 Hz, 2H), 7.77 (dd, 3J = 4.9 and 4J = 1.9 Hz, 2H), 7.66 (d, 3J = 4.9 Hz, 
2H) 7.60 (t, 3J = 7.51 Hz, 2H), 7.52 (dt, J = 7.6, and 1.0 Hz, 2H), 7.39 (br s, 2H), 7.29 
(d, 3J = 7.4 Hz, 2H), 6.96 (br s, 2H), 5.91 (s, 2H), 3.12 (s, 6H), 2.81 (s, 2H) ppm. 13C 
NMR (100 MHz, CDCl3, δ): 188.7, 148.8, 146.6, 141.7, 139.4, 138.3, 135.5, 130.9, 
130.0, 129.2, 128.3, 128.0, 127.0, 124.8 124.0, 123.3, 119.8, 118.4, 95.6, 55.1 ppm. 
UV-vis (CH2Cl2): λmax (log ε) = 375 (4.51), 458 (4.42), 542 (4.70), 644 (4.04) 880 
(4.18) nm. HR-MS (ESI+, 100% CH3CN) m/z calcd for C46H32N4O5 (M + H+) 
720.2373; found 720.2346.  
 
Figure 4-15. Partial 1H NMR spectrum (400 MHz, CDCl3) of 14a 
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Figure 4-16. 1H NMR spectrum (400 MHz, CDCl3) of 14a 
 
Figure 4-17. 13C NMR spectrum (100 MHz, CDCl3) of 14a 
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Figure 4-18. Expansion of the 1H1H COSY (400 MHz, CDCl3) spectrum of 14a 
10,15-Diphenyl-12,13-diethoxy-2a-oxa-2a-homoindaphyrin 14b. Compound 
14b was synthesized according to the general procedure for 14a from 12 (20 mg), 
using EtOH as the nucleophile instead of MeOH, in 76% yield (17 mg). 14b: Rf = 0.3 
(silica-CH2Cl2). 1H NMR (400 MHz, CD2Cl2, δ) 8.77 (dd, J = 4.9, 2.0 Hz, 2H), 8.34 (br 
s, 2H), 8.03 (d, J = 7.7 Hz, 2H), 7.79 (dd, 3J = 4.8 and 4J = 2.0 Hz, 4H), 7.26–7.53 
(m, 5H), 7.51 (t, 3J = 7.54 Hz, 2H), 7.28 (t, 3J = 7.4 Hz, 2H), 7.01 (br s, 2H), 6.05 (s, 
2H), 3.60 (dq, 3J = 9.7 and 7.1 Hz, 2H), 3.18 (dq, 3J = 9.7 and 7.0 Hz, 2H), 2.75 (s, 
2H), 0.92 (t, 3J = 7.1 Hz, 6H) ppm. 13C NMR (100 MHz, CDCl3, δ): 188.7, 148.7, 
146.7, 141.5, 139.6, 138.5, 135.5, 130.9, 130.0, 129.1, 128.2, 128.0, 127.9, 127.1, 
124.8, 124.1, 123.2, 119.6, 118.5, 94.4, 63.6, 15.0 ppm. UV-vis (CH2Cl2): λmax (log ε) 
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= 374 (4.36), 460 (4.27), 546 (4.56), 648 (3.91) 880 (4.01) nm. HR-MS (ESI+, 100% 
CH3CN) m/z calcd for C48H36N4O5 (M + H+) 748.2686; found 748.2676.  
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Figure 4-19. 1H NMR spectrum (400 MHz, CDCl3) of 14b 
 
Figure 4-20. 13C NMR spectrum (100 MHz, CDCl3) of 14b 
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